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Abstract 
 
Understanding the formation and transformation of an archaeological site is imperative to 
creating robust inferences about human behaviour. Relatively little work has been 
undertaken on the varying anthropic and non-anthropic taphonomic processes that affect 
shell-bearing archaeological sites, particularly in tropical locations which are prone to 
extreme weathering and issues of long-term preservation. This thesis provides a greater 
comprehension of taphonomic processes impacting archaeological shell material and uses 
this understanding to untangle complex spatial and temporal aspects of an archaeological site 
in the Indo-Pacific.  
Two key areas of shell taphonomy include thermal influences, such as burning and 
heating, and acid dissolution. Experimental studies were undertaken on each of these 
processes and show variable results between taxa or microstructural type. Building upon 
these experiments, high-resolution taphonomic analyses of archaeological shell from Golo 
Cave, Gebe Island, Indonesia highlight taxon-specific patterning of various taphonomic 
processes (seen through varying physical traces) as well as overall trends in material 
deposition and preservation linked to human behaviours. The individual environmental 
conditions of this site also impact the types and intensity of taphonomic processes and thus 
the formation and transformation of the deposits. This is primarily seen through 
fragmentation rates, burning, physical abrasion, chemical dissolution, and bioerosion. 
Thermal influences have a distinct impact on the presence and degree of other taphonomic 
processes such as bioerosion and fragmentation, highlighting the connectivity between 
different processes. High-resolution analyses of shell midden from this site reveals periods of 
intensive occupation and changes in environmental conditions. 
Each shell tells a story, thus high-resolution taphonomic analyses provides a method 
to understand how different variables impact the formation and transformation of a site. This 
approach to shell analysis can provide a sharper understanding of the occupation of a site, 
particularly when stratigraphy does not provide a clear picture of site formation. It is through 
the examination of pre- and post-depositional taphonomic processes that archaeologists can 
create robust inferences about human behaviour, hence the importance of discerning the 
effects of varying processes on shell material. 
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1. INTRODUCTION 
 
Archaeological shell middens are formed over single or multiple events of shellfish 
acquisition and discard (Claassen 1998; Stein 1992). These archaeological features/sites can 
provide information about specific human behaviours linked to subsistence, artefact 
production or cultural beliefs, as well as environmental changes and landscape use. Before 
any interpretations can be made, however, it is necessary to understand the various 
processes that occurred on the remains during the transition from the biosphere to 
lithosphere (necrology, biostratinomy, burial and diagenesis). This includes understanding the 
species of shellfish gathered, the various processing steps for consumption or reworking, how 
the shells were disposed of, and the environmental conditions of the site location (sediment 
type, exposure to sunlight, wind, rain and biological agents). Taphonomy can include both 
natural/non-anthropic and cultural/anthropic processes (Claassen 1998). Understanding the 
specific effects of both anthropic and non-anthropic processes on shell is key to untangling 
the formation and transformation of archaeological sites. This thesis explores the specific 
context of tropical island environments. Chapter 1 provides an exploration and critical review 
of the key methods and theoretical approaches to archaeological science, with a particular 
focus on shell midden research.  
 
A. Introduction to Shell Middens 
Archaeological sites that contain shell remains can be referred to as shell middens, shell-
matrix sites or shell-bearing sites (Claassen 1991), however each term has different 
connotations. The term shell midden covers sites that usually contain a majority of shell; 
however, might not necessarily be a midden as the term midden originally referred to 
material that accumulated around a dwelling (Campbell 2017). On the other hand, shell-
bearing site is a label for any site that contains shell material, however this term is not well 
adopted (Claassen 1991) as a site may not solely represent shell-gathering activities 
(Campbell 2005). These distinctions in terminology are important to keep in mind as although 
both terms indicate shell in an archaeological site, the difference lies in the nature of deposit 
and abundance of shell. Nevertheless, in this thesis these terms are used interchangeably 
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unless referring to a particular site or deposit. A fundamental aspect of any site containing 
shell is differentiating between cultural and natural deposits. Distinction between cultural or 
nonhuman animal middens, and geomorphic deposited shell (Szabó 2017a) is possible during 
excavation and material analyses.  
Along with standard methods of zooarchaeological quantification, there are numerous 
direct and indirect approaches to analysing shell from a shell-bearing archaeological site 
(Stein 1992) such as radiocarbon dating, isotopic analysis, sclerochronology, trophic analysis 
and amino acid racemisation (AAR). We can infer human behaviours, resource use, 
environmental changes, seasonality and landscape use by analysing archaeological shell 
(Alvarez et al. 2011).  
Typical archaeological methods for shell-bearing site excavation are dug as spits or units 
rather than stratigraphically due to rapid shell accumulation rates and indistinguishable 
mixing of sediments from subsurface water movement, trampling or animal burrowing. A lack 
of visible stratigraphic layering can lead to chronological issues in understanding the 
depositional history of site formation and transformation. This can be the case in limited test 
pit excavations where changes in stratigraphy are not easily identified unless greater depth 
and breadth are excavated. These temporal issues are later encountered in the laboratory 
when attempting to untangle depositional events through a handful of absolute and relative 
dating techniques. This thesis attempts to untangle these depositional events by working 
backwards and using spatio-temporal patterns in taphonomy to differentiate between 
natural and cultural depositional events and infer human behaviour.  
 
B. Taphonomy 
Before outlining the various taphonomic processes that affect shell in archaeological 
contexts, it is important to discuss the origin and evolution of the term ‘taphonomy’. The term 
‘taphonomy’ was defined in 1940 by Russian palaeontologist I.A. Efremov to refer to the study 
of animal remains transitioning from the biosphere to the lithosphere. Taphonomy has 
extended from palaeontology to other disciplines like archaeology to include all living 
organisms as well as humans as taphonomic agents (Domínguez-Rodrigo et al. 2011). Lyman 
(2010) cautions against the misuse of the term taphonomy to only include processes that are 
concerned with the transition of living organisms to a geological mode (lithosphere) and that 
site formation processes are an umbrella term for all archaeological material. A key distinction 
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between once living and never living material is the fact that the size and nature of an 
organism is known – there is a comparative baseline - which allows for a ‘comparative 
framework for detecting taphonomic attributes’ on a skeleton (Lyman 2010:6). Domínguez-
Rodrigo et al. (2011:5) argue that using the same definition of taphonomy that Efremov 
(1940) introduced is inconsistent with the practice of taphonomy over the last few decades.  
The inclusion of the contexts in which processes act upon organic remains is a vital part of 
taphonomy as it encompasses the preservation of sediments as well as physical, chemical and 
biological elements whose depositional and diagenetic history need to be understood 
(Domínguez-Rodrigo et al. 2011). Furthermore, the addition of inorganic components is also 
part of the biosphere (Domínguez-Rodrigo et al. 2011). As such, reference to archaeological 
taphonomy in this thesis follows a broader concept of taphonomy that is focussed on 
discerning human from non-human taphonomic processes on both organic and inorganic 
remains.  
Numerous studies, largely in palaeontology, have been undertaken on the various 
chemical, biological and physical taphonomic agents that affect the weathering and 
deterioration of mollusc shells in differing marine zones. Palaeobiological studies of fossil 
shell taphonomy (Best and Kidwell 2000; Brachert and Dullo 2000; Callender et al. 2002; 
Cummins 1994; Cutler and Flessa 1995; Davies et al. 1990; Martin 1999:110; Parsons and 
Brett 1991; Zuschin et al. 2003) provide the core data towards understanding the various 
processes affecting deposits of shell. Despite a comprehensive understanding of the 
processes at play in fossil marine contents these studies primarily focus on marine sediments 
rather than terrestrial sediments. Studies that are based on terrestrial sediments focus on 
shell deposits created by natural means rather than anthropogenic, such as storm deposits 
(Bressan and Palma 2008; Cherns et al. 2008; Roberts et al. 2008). There are distinct 
differences in the active processes of archaeological taphonomy and palaeobiological 
taphonomy, such as trampling and localised burning from campfires. Nevertheless, there is a 
large amount of literature that covers sub-fossil shell from marine settings that can be used 
in an archaeological context as well as some recent archaeological research.  
The importance of considering shell taphonomy is discussed by many in archaeology (e.g. 
Claassen 1998; Stein 1992; Davies et al. 1990; Lyman 1994; and Rick et al. 2006) and studied 
through numerous experimental and/or focussed studies (e.g. Milano et al. 2016; Muckle 
1985; Szabó 2012). However, taphonomic processes on archaeological shell has not been 
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explicitly recorded in a holistic manner apart from a handful of studies (Hammond 2014; 
Henderson et al. 2002; Muckle 1985; Rick et al. 2006). This is a key aspect that this thesis 
addresses through the amalgamation of knowledge on shell taphonomy and high-resolution 
analysis. ‘High-resolution’ is defined in the context of this thesis as the in-depth recording and 
analysis of all visual taphonomic traces and structural/biological aspects of individual 
archaeological shells through a focussed understanding of specific variables. This can be 
understood due to the measurable changes recorded from a series of controlled experimental 
settings as well as the identification of particular taphonomic processes. Individual 
taphonomic processes can be identified through unique traces which are visible on the shell 
surface. The fragmentation of shells can be traced back to specific physical processes that 
broke a shell. Burning and heating of a shell can also be identified and provide information 
about an anthropic cause of death as well as the processing methods of particular shell 
species. Biological agents such as macroborers and microborers attack both living and dead 
shell, leaving distinctive clues as to the processes at play. Other biological agents such as 
termites, ants, worms or hermit crabs (McBrearty 1990; Rink et al. 2012; Stein 1983; Szabó 
2012) disturb an archaeological site and cause issues with dating shells or analysing sediments 
when they are not recognised. Physical elements such as wind and water also weather a shell 
and leave distinctive marks.  
Understanding both the anthropic and non-anthropic taphonomic processes that 
potentially occur over the period of burial to eventual excavation, are fundamental to 
accurately analysing the formation of the site. This is a key approach in presenting a robust 
interpretation of data from a shell-bearing archaeological site.  
 
C. Approaches in Archaeological Science 
i. Theoretical approach 
Consideration of taphonomic processes occurring in archaeological sites stems from the 
theoretical approaches of middle-range theory (Binford 1967; Schiffer 1972) that links 
archaeological remains to human behaviour in the past. Archaeological taphonomy is 
embedded in the uniformitarian theoretical perspective which assumes analogy and 
actualism (Gifford-Gonzalez 1991) between modern processes and those that occurred in the 
past. Actualistic taphonomy ‘involves relevant experimentation or observations on the 
condition of modern vertebrate remains in various closely defined environments’ (Hill 
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1978:88). This is also the case for invertebrate remains and includes the approach of ‘first 
measuring or controlling for the effects of other agents on the form of the assemblage.’ 
(Binford 1985:299) to ensure clear identification of particular processes and the range of 
associated variables. Lyman (1994:68) outlines a set of terms taken from Gifford-Gonzalez 
(1991:228-229) to distinguish the links between faunal remains and varying taphonomic 
processes. 
 
• TRACE: visible attribute displayed by a bone that has undergone a taphonomic process 
(e.g., a scratch on a bone);  
• CAUSAL AGENCY: the immediate physical causes producing a trace; the immediate 
interaction of materials producing a trace (e.g., the grating of a sand grain against a 
bone); 
• EFFECTOR: the item or material that effects the modification of a bone (e.g., a sand 
grain grating against a bone);  
• ACTOR: the source of force or energy that creates traces (e.g., an ungulate with sand 
grains adhering to its hoof trampling a bone);  
• BEHAVIORAL CONTEXT: the prehistoric systemic environment in which the taphonomic 
process took place (e.g., a herd of ungulates milling about a waterhole);  
• ECOLOGICAL CONTEXT: the type of ecosystem and environment in which the actors 
lived (e.g., an African savanna) 
These terms allow for a hierarchical understanding of taphonomic processes that in turn 
enables clearer arguments concerning faunal remains and their relationship to varying 
processes (Gifford-Gonzalez 1991:228). Although not always made explicit, taphonomic 
processes in archaeology concern the whole suite of processes that occur during pre-
depositional, depositional, and post-depositional periods (Lyman 2010). Schiffer’s life history 
model (1972; 1975; 1976) summarises these periods from procurement in the systemic 
context to deposition and decay in the archaeological context.  As Schiffer’s model specifies 
objects rather than remains, it does not incorporate the pre-depositional processes that 
organisms are subject to before human procurement. This includes biotic and abiotic 
ecological factors such as ocean acidity, predation, nutrient availability and bacteria. These 
factors are important to recognise as they can affect the morphology, structural integrity and 
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abundance of molluscs (see Lazo 2004). Ecological factors can be encapsulated in the 
ecological context term presented above, however this term solely refers to contextual 
information regarding the actor and does not include the subject itself (i.e. bone in Lyman’s 
example). Therefore, a slight alteration to Gifford-Gonzalez’s (1991:229) terminology is 
necessary. 
• ECOLOGICAL CONTEXT: the type of ecosystem and environment in which the actors 
and subjects lived (e.g., an African savanna) 
 A definition for the term subject is thus necessary with this addition.  
• SUBJECT: the object or remains subjected to taphonomic processes (e.g. a shell)  
The range of actors that affect shell material, from their life to death and beyond, all 
leave traces behind on archaeological shell that need to be pinpointed to a particular stage in 
the shell’s life history. The initial processes that concern archaeological shell are related to 
the ecological context in the pre-depositional stage (table 1.1). This is followed by anthropic 
processes in the stages of gathering and processing of shellfish. Discard includes the natural 
and cultural depositional processes that move material from the systemic to archaeological 
context (Schiffer 1976). Finally, post-depositional processes can involve natural actors that 
include wind, rain and bioturbators, as well as anthropic processes such as human trampling, 
or hearth construction (table 1.1). Each shell proceeds along a different taphonomic pathway 
(Meldahl and Flessa 1990:49) and can be subject to any number and combination of actors. 
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Table 1-1: Range of actors on archaeological shell through various stages of its life history. 
Site formation and transformation are recognised under the terms of depositional and 
post-depositional processes. These processes are interlinked due to the nature of 
archaeological site formation, where numerous natural and cultural depositional events occur 
over long periods of time. This is not the case when it comes to single depositional events, 
however, these sites have greater issues of preservation (see further discussion in Chapter 4) 
and are usually quite ‘young’ (Koike 1979). Conversely, in multiple depositional-event sites, 
site formation and transformation can occur simultaneously as lower deposits experience 
diagenesis whilst new material forms the upper layer. The principles/laws of archaeological 
stratigraphy (law of superposition, original horizontality, original continuity and 
stratigraphical succession) apply to all archaeological sites, even those with single deposits 
(Harris 1989:29). Out of these four laws of stratigraphy, the law of superposition is the most 
recognised through its adaption from geology. Superposition assumes that recent deposits 
accumulate on top of older ones (Harris 1989). How these stratigraphic layers are excavated 
influence the data and interpretations that are produced from the analyses of the 
archaeological record.  
ii. Methods of excavation 
There are two main methods for archaeological excavation; one which is based upon 
arbitrary units of measurement (spits), and the other on visible stratigraphic layers 
 Pre-depositional Depositional Post-depositional 
Natural Anthropic Anthropic Natural Anthropic Natural 
Types  Gathering Processing Discard   
Fragment-
ation 
Predator Removal 
from 
substrate by 
human 
Removing 
meat, raw 
material 
working 
Disarticula-
tion 
Predator
s 
Human 
trampling or 
digging 
Animal 
trampling, 
sediment 
and gravity 
Burning N/A N/A Cooking Left in fire Bush fire Hearths  Bush fires 
Physical Wave 
action 
N/A Raw 
material 
working, 
pigmentatio
n 
N/A Flood Human 
trampling or 
digging 
Animal 
trampling, 
Wind, rain, 
sediment, 
shell 
Chemical Acidic 
water 
N/A Burning/ 
heating 
N/A N/A N/A Acidic 
water 
Biological Bioerode
-rs and 
predator
s 
N/A N/A Pigs Predator
s, Hermit 
crabs, 
Land 
snails 
N/A Bioturbato
-rs and 
bioeroders 
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(stratigraphy). Excavating in larger spits can easily bypass any possible stratigraphic changes, 
which can result in the mixing of material from different contexts (see Waselkov 1987:152 for 
examples and discussion of poor sampling methods). Archaeologists can attempt to minimise 
issues of mixing and time-averaging by excavating in 1 to 5cm spits when dealing with shell 
material (e.g. David et al. 2016), however this is more time consuming but necessary for high 
resolution data. The excavation of a site by stratigraphic layers allows for a distinct separation 
between layers/features, however issues of time-averaging still occur. This is where a 
combination of excavation by spits and stratigraphic layers is necessary (Johnson 1979). A 
combination of these two methods (David et al. 2016) allows for a more comprehensive 
consideration of archaeological context. The common use of arbitrary spits in Australian 
contexts (Ward et al. 2016) is problematic for interpretations regarding changes in human 
behaviour, as well as the environment, through time. Strategies of excavation are variable 
between countries and variability between research goals and site types can influence the 
method of excavation undertaken and ultimately what data is retained by archaeologists. 
These factors need to be considered in depth before any excavation of archaeological 
material is attempted. 
Sampling strategies for archaeological excavation are also variable between 
archaeologists. The size of the sieve mesh, what is bagged, recording of pH and Munsell, or 
procurement of sediments samples are all reliant on what the excavator believes is necessary 
to answer their research questions (Campbell 2017). Unfortunately, this is not always the best 
strategy for acquiring robust data on shell material as shell is usually not the focus of 
archaeological excavation on Indo-Pacific tropical islands. Projects on lithics, bone, and 
pottery are the major focus (see Sand et al. 2015; Specht et al. 2014; Spriggs 2011) to answer 
questions pertaining to human evolution and dispersal (e.g. modern human ancestors, 
earliest human occupation, Lapita expansion). Excavation and sampling methods are 
connected to the laws of archaeological stratigraphy (discussed above), as accurate 
interpretations concerning the deposition of material can only be accomplished through 
methods that preserve contextual information. This is explored in Chapter 6 where the 
excavation and sampling methods of shell material at Golo Cave are discussed. 
iii. Analysis and interpretations 
The retention of contextual data is also achieved through robust methods of analyses. 
Identification of taphonomic processes through visual traces are not the only focus in shell 
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analysis. Quantification of mollusc assemblages is an essential part of zooarchaeological 
research. Recent studies endeavour to improve and refine methods of measuring shell 
abundance and help to ensure reliable estimates are calculated (Faulkner 2010; Gutiérrez 
Zugasti 2011; Harris et al. 2015). The reliability of measuring shell abundance through weight 
has been demonstrated to be problematic by numerous scholars (Claassen 2000; Faulkner 
2010; Harris et al. 2015; Mason et al. 1998; Thomas and Mannino 2017). Shell quantification 
through MNI (Minimum Number of Individuals) and NISP (Number of Identifiable Specimens) 
counts are standard methods in archaeomalacology (Claassen 1998), and further refinement 
continues to improve estimates of shell abundance. Thomas and Mannino (2017) emphasise 
the effect of excavation and sampling practices on the amount shell material available to 
quantify and needs to be considered in shell midden research. Improved methods of 
quantification, such as fragmentation categories (Gutiérrez Zugasti 2011) and MNI counts 
(Harris et al. 2015) permit greater reliability in our interpretations of shell assemblages. These 
recent advances in archaeomalacology progress the field forward and help strengthen 
interpretations regarding human subsistence behaviours.  
Shell analyses have improved over the last few decades, both in terms of 
methodological approaches (e.g. Glassow 2000; Jerardino et al. 2017; Mason et al. 1998) and 
technological advances in scientific methods (e.g. AMS radiocarbon, ancient DNA, 
refinements to amino acid racemisation). For example, micromorphology provides a high-
resolution approach to shell midden analyses due to its microscopic view of an archaeological 
site (Balbo et al. 2010; Villagran et al. 2011). Micromorphology can reveal changes in shell 
abundance, preservation, disturbance, and species richness (see Balbo et al. 2010; Villagran 
2019) by capturing a holistic view of the formation and transformation of the site. Thin 
sections from sediment blocks are analysed to identify microfacies. Similarities in microfacies 
(by comparing microstructure, porosity, c/f ratio, coarse fraction and micromass) suggest 
analogous depositional processes (Villagran 2018) and as such depositional episodes such as 
hearths or trampling can be recognised. An additional method used to explore foraging 
behaviour is morphometrics. This analysis requires species-specific understanding of shell 
morphology which has improved through focussed studies (Faulkner 2010; Giovas et al. 2013; 
Somerville et al. 2017). Morphometric analysis has been used to infer increased exploitation 
through the diminution of shell size (Gutiérrez Zugasti 2011) as well as reconstructing whole 
shell lengths from fragmented elements (Jerandino and Navarro 2008). 
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The expanding methodological toolkit (Fitzpatrick et. al. 2015) includes techniques 
focussed on understanding seasonality through stable isotopic analyses (Colonese et al. 2009, 
2017; Mannino et al. 2003) as well as sclerochronology (Gutiérrez-Zugasti et al. 2017; 
Hallmann et al. 2013). Analyses of oxygen and carbon stable isotopes are used for shell 
midden analysis (Burchell et al 2013; Cannon and Burchell 2009; Colonese et al 2017; Jew et 
al. 2013) to investigate seasons of shell collection (Jones et al. 2008). Bailey et al. (1983) 
recommended caution in the implementation of isotopic analysis due to changes in salinity 
and temperature (Epstein et al. 1953) affecting isotope values and thus recommended 
species- and site-specific investigations to avoid skewed interpretations. This has been taken 
on board (e.g. Colonese et al. 2017; Culleton et al. 2009; Kennett and Voorhies 1995; Milano 
et al. 2018; Prendergast and Schöne 2017) to reveal patterns in palaeoclimate as well as 
foraging behaviours that are tied to specific times of the year, through a combination of stable 
isotopes and sclerochronology. The latter technique can be described as dendrochronology 
for shells as it uses the same principal of growth lines to determine age and season of death 
(Gordillo et al. 2014). The combination of these analytical techniques provides a robust 
understanding of a shell’s life in terms of seasonal growth and favourable growing conditions 
(García-Escárzaga et al. 2018; Twaddle et al. 2016).  
A greater in-depth analyses of archaeological shell material is key to understanding the 
story behind the formation and transformation of shell middens. Current analytical methods 
and techniques do not incorporate in-depth taphonomic analyses of shell material, which is 
where the experimental studies and taphonomic analyses of archaeological material outlined 
in this thesis contribute to advances in methodological approaches. Inferences of human 
behaviour are based on high-resolution data from a range of analytical techniques and 
methodological approaches (Fitzpatrick et al. 2015). This extends beyond the analyses of shell 
material to an overall understanding of site chronology.  
iv. Dating methods and issues of time-averaging 
Shell middens are a palimpsest of events which are prone to time-averaging and issues 
of scale (Bailey 2007). Time-averaging of deposits are an issue in any archaeological site, 
particularly sites with older deposits. The longer the duration of time-averaging, the slower 
the rate of change (Perreault 2018). A fundamental approach to archaeological study is 
understanding the overall chronology of the site through the deposition of stratigraphical 
layers. It is important to place material in chronological order and work backwards through 
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time. This is achieved through both absolute and relative dating techniques; each of which 
ensure that archaeologically relevant material is in situ and thus retains contextual data. 
Understanding the stratigraphy of a site is fundamental to establishing a relative chronology 
for the deposit (Stein and Holliday 2017). On the other hand, absolute dating methods provide 
numerical ages for a specific object and underpin the laws of stratigraphy.  
The issue with relative and, particularly, absolute dating, is the assumption that the age 
obtained for the dated sample represents the age for all other samples in that stratigraphic 
layer. This time-averaging of material can result in conflated data and in turn generic 
inferences that ignore or miss complex changes over time (see Koppel et al. 2016). Excavation 
methods and plotting of material in situ attempt to minimise conflation of material; however, 
the nature of site formation can make this difficult, which is why analytical approaches and 
techniques in the laboratory can provide the additional comprehension of the record. This is 
especially the case with shell middens where stratigraphic layers may not be clearly 
distinguishable. These methodological and analytical approaches to archaeological shell-
bearing site and shell material ultimately relate to the lack of recognition in the array of 
taphonomic processes, which can also impact chronological results.  
 
D. Background to the study area 
The tropical Asia-Pacific region provides archaeological evidence for long-term human 
occupation and subsistence behaviours with the oldest evidence of subsistence and artefact 
production of shells in this region from inland Australia and island Southeast Asia (see Bowler 
and Price 1998; O’Connor et al. 2017). Marine subsistence in Papua New Guinea and Island 
Melanesia occurred from the earliest occupation (O’Connor and Chappell 2003). The oldest 
evidence for economic use of marine shellfish comes from Buang Merabek, New Ireland, at 
39,000 years cal BP (Leavesley and Chappell 2004) and Golo Cave, Gebe Island, with the oldest 
dates spanning between 32-39,000 years cal BP (Bellwood 1998; 2019). Differential site 
preservation in these early sites show better preservation occurring in rock shelters and caves 
rather than open sites. This highlights the impact that natural elements have on 
archaeological material, nevertheless, the preservation of faunal remains are dependent on 
the local environmental and geological conditions (Louys et al. 2017). Despite numerous 
zooarchaeological studies in this tropical region (Langley and O’Connor 2016; Pawlik et al. 
2014; van Den Bergh et al. 2009; Kinaston et al. 2015), there is a paucity of in-depth 
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taphonomic analyses on shell material. This lack of taphonomic consideration on shell can 
impact our interpretations of human occupation in the tropical Asia-Pacific, through the form 
of unreliable chronologies or specific foraging behaviours. 
 
E. Statement of problem 
Studies have attempted to understand and reconstruct the site formation processes 
that occurred at a site through direct dating and the calculation of accumulation rates of 
material (Hausmann and Meredith-Williams 2017; Stein et al. 2003). However, selecting shells 
for dating or analysis is reliant on various assumptions such as; the shell is unburnt, in correct 
stratigraphic context, and was deposited by a human. By analysing the various taphonomic 
processes affecting a shell it is possible to control for these variables and know with greater 
certainty the depositional history of an individual shell, as well as reconstruct the entire story 
of a site.  
There is always a disjuncture between the original deposition of archaeological 
material and what is recovered during excavation. Complex anthropic and non-anthropic 
processes take place in an archaeological site that can be difficult to identify. Chemical, 
physical and biological alteration of material along with transportation, fragmentation and 
weathering of artefacts affect what is eventually uncovered. Untangling the effects of these 
processes for archaeological shell is even more challenging due to the nature of formation, 
quantity of material and the potential for post-depositional vertical movement in certain 
contexts (Bailey 1975; Bailey 2007:204; Koppel et al. 2017).  
Analysing and dating shell material in combination with a robust understanding of the 
stratigraphy of the site are key components to untangling the formation and transformation 
of archaeological shell middens. However, archaeological sites in the tropics are impacted by 
environmental extremes, with high humidity and tropical storms accelerating degradation of 
any organic material, restricting preservation of bone, shell, and plant material. Various 
anthropic and non-anthropic taphonomic processes, such as trampling or bioturbation, affect 
preservation of shell material and site stratigraphy, which in turn influence site chronology. 
Methods of excavation also compound these issues. Shell midden sites in the Indo-Pacific are 
usually dug in spits; however, using arbitrary levels can affect the stratified and contextual 
state of material and can cause issues of time-averaging when analysing the shell remains 
(see Koppel et al. 2017). Current methods of excavation (spits) along with standard shell 
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analysis (sorting, identification and quantification) fail to take into account the various 
taphonomic processes that can affect the preservation and transformation of archaeological 
material. Therefore, there is a need to understand the effect of varying taphonomic processes 
on archaeological shell material and what that can tell us about the formation and 
transformation of a site.  
The purpose of this thesis is to understand how anthropic and non-anthropic 
taphonomic processes affect archaeological shell material to improve inferences about 
archaeological site formation and transformation in tropical island environments.  
 
F. Primary research question 
This thesis is formed around the primary research question as well as key sub-questions. 
 
• How do varying anthropic and non-anthropic taphonomic processes affect the 
formation and transformation of archaeological sites in tropical environments and 
what can this then tell us about human behaviour? 
Sub-questions 
1. What affects do various processes of heating and burning have on archaeological 
shell? 
2. How does acid dissolution affect shell preservation? 
3. With a greater understanding of each process, can taphonomic patterning be 
identified in the formation and transformation of archaeological shell deposits? 
 
G. Significance of study 
The significance of this project is based on the understanding of formation events and 
taphonomic processes that affect how archaeological material is deposited, preserved and 
transformed in the archaeological record. By understanding the complete story behind the 
formation of a shell-bearing archaeological site (from formation, accumulation, and to final 
discovery and excavation by an archaeologist) a more accurate interpretation of the past is 
possible. Understanding the various taphonomic processes that occur during the ‘life-time’ of 
an archaeological site affects our research questions as well as how we view and interpret the 
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data. This project untangles and individually pinpoints these various processes in an 
archaeological site containing shell. The methods used in analysing the shell material will 
enable the identification of taphonomic patterning and build a relative-chronology of the 
anthropic and natural events that occurred during the history of a site. The anticipated 
outcomes will provide analytical tools for archaeologists working with shell that will allow 
them to confidently analyse shell material relative to the various processes that affected 
individual and clusters of shells, which may correspond with specific human or environmental 
events. This allows for greater clarity and validity in malacological interpretations as this 
method verifies measures, such as shell abundance, are not significantly skewed by 
taphonomic processes. Greater confidence in our interpretations of archaeological site 
formation, human behaviour, chronology and environmental changes can in turn be ensured.  
 
H. Thesis structure 
To answer the research questions outlined above, Chapter 2 reviews the range of 
taphonomic processes affecting shell through a combined lens of paleontological and 
archaeological perspectives. Processes are grouped into fragmentation, burning, chemical, 
physical, and biological and varying traces are outlined. A brief summary of current 
archaeological studies including taphonomic analyses are also discussed, however a lack of 
in-depth understanding of particular processes along with a shortage in the implementation 
of taphonomic recording is highlighted. Gaps in particular knowledge regarding thermal 
influences and acid dissolution on shell will be emphasised.  
In Chapter 3, the state of archaeological research on the effects of thermal alteration 
on shell will be discussed in terms of general assumptions and gaps in knowledge regarding 
particular variables of shell species and cooking methods. An experimental study on five 
species of shell will reveal distinct differences in the macro/microscopic, and mineralogical 
changes resulting from differing burning and heating methods. These results will then be 
adopted, along with results from other experimental studies, to create methods in identifying 
traces of thermal alteration on shell. 
Like the thermal experiment, there is a shortage of information regarding the 
particular traces created by acid dissolution in specific contexts. Chapter 4 explores this 
shortage through an in-depth review of current knowledge, which assists in formulating a 
unique experimental study on the effects of dissolution on shell in a simulated tropical 
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environment. This study reveals distinct differences between shell species, sediment type, 
and thermal alteration which were implemented as methods to identify traces of dissolution 
in archaeological shell. These methods are outlined in Chapter 5. 
An in-depth taphonomic review of specific traces of processes on shell material along 
with the experimental results from Chapters 3 and 4, is collated to create methods in 
identifying and recording taphonomic processes on archaeological material. Chapter 5 
outlines these methods by separating taphonomic processes into groups of fragmentation, 
burning, physical, chemical, and biological. This chapter also presents the various methods in 
analysing taphonomic data recorded from the Golo Cave shell assemblage. 
This archaeological site is discussed in Chapter 6 relative to the background context 
and results of the taphonomic analyses. A detailed presentation of the Golo Cave shell 
material, in terms of the overall and species-specific taphonomic patterning, is presented in 
this chapter. Spatio-temporal results based on the taphonomic patterning show distinct 
periods of human occupation, changes in foraging behaviours, along with variation in the 
environmental and biological conditions at the site.  
An overarching discussion of the results of the two experimental studies, along with 
the high-resolution taphonomic analyses of Golo Cave, are presented in Chapter 7. The 
implications of these findings are discussed along with the need for future research in the 
taphonomic analyses of archaeological shell. Discussion of the importance of considering the 
impact of taphonomic processes on archaeological shell in tropical environments is covered 
in regard to improving inferences of human behaviour through a detailed understanding of 
site formation and transformation.  
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2. BACKGROUND/PREVIOUS RESEARCH ON TAPHONOMIC PROCESSES 
 
A. Introduction 
A brief introduction to the role of taphonomy in archaeological research was presented 
in Chapter 1, which suggested the importance of recognising the complete range of processes 
that can affect shell material. This thesis brings together old and new research regarding the 
understanding of taphonomic processes on shell through experimental studies and high-
resolution taphonomic analyses on archaeological material. This chapter provides the core 
knowledge of current research on the five main groups of taphonomic processes in 
archaeology. These include anthropic and non-anthropic processes of burning, 
fragmentation, physical, chemical, and biological taphonomy (Hammond 2014). Each of these 
groups affect archaeological shell in varying ways and can facilitate the degradation of shell 
over time.  
Although taphonomic processes in archaeology have been systematically considered in 
the analyses and interpretation of archaeological material since the 1970s, with initial 
research on hominid evolution (Behrensmeyer 1978; Shipman and Phillips 1976), there has 
been relatively little work undertaken on the effects of taphonomic processes on shell 
material; especially in the case of tropical environments. Recent archaeological studies 
(Hammond 2014; Villagran 2013) have begun to explore these impacts and, in turn, the issues 
associated with interpretation and equifinality. Despite a paucity of research in shell 
taphonomy based in archaeology there is large body of literature on shell taphonomy 
concerning fossil and subfossil remains. These studies are rooted in the discipline of 
palaeontology with a focus on the numerous processes impacting marine organisms (see 
Zuschin et al. 2003). Marine shell taphonomy is useful as it provides explicit evidence of a 
range of processes based on particular contexts and variables. The traces of which can be 
used as a basis from which to investigate taphonomic processes on archaeological shell 
deposits. 
Taphonomy is the study of principles governing the transition of organic remains from the 
biosphere to the lithosphere (Efremov 1940). This study is comprised of the “processes 
between death and burial of an organism, including the cause and manner of death, decay, 
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decomposition, transportation and burial” (Cadee 1991:3). In an archaeological context 
taphonomy focuses on the processes of transformation affecting materials that result in the 
archaeological record. A range of anthropic and non-anthropic taphonomic processes affect 
the preservation of shell material and over time may distort what is eventually excavated 
from the ground.  
 
A. Archaeological studies recording taphonomy 
Archaeological studies that include an in-depth taphonomic analysis of material are 
widely explored in zooarchaeology (see Muñoz and Mondini 2008), however this is not the 
case for invertebrates. There are, however, focussed studies on particular taphonomic 
processes on shell, such as fragmentation and morphology (e.g. Muckle 1985; Faulkner 2010) 
or biological processes (e.g. Szabó 2012). For example, Muckle’s (1985) experimental 
trampling study and analyses of archaeological material focussed on fragmentation of shell 
and showed variation in size between different shell species, which reiterates the variable 
nature of taphonomic traces on different species/microstructures. These focussed studies are 
discussed further under their associated taphonomic groups below. 
Despite worldwide (e.g. Davies et al. 1990; Gordillo et al. 2014; Szabó 2017a) and 
regional (e.g. Rick et al. 2006) syntheses on the presence and identification of taphonomic 
processes on archaeological shell there is a lack of holistic research. Archaeological studies 
that record and analyse these taphonomic signatures on shell, in terms of the effects on site 
formation and human behaviour, are minimal (e.g. Bosch et al. 2015; Hammond 2014). 
Hammond (2014:31) recorded numerous taphonomic variables on shell and found that 
fragmentation, corrosion, and thermal alteration were the taphonomic processes most 
evident in the archaeological remains from Santa Cruz, Argentina. Examination of burning, 
fragmentation and bioerosion traces along with metric and taxonomic analyses revealed that 
the majority of shells from Ksâr 'Akil, Lebanon were brought to site for subsistence purposes 
(Bosch et al. 2015). Differentiation between natural cheniers and cultural mound and midden 
deposits was undertaken on sites from the Louisiana chenier plane through stratigraphic, 
taxonomic and taphonomic recording (Henderson et al. 2002). The taphonomic results 
focussed on physical, chemical, and biological alterations and generally disagreed with other 
studies by Gill (1951) and Bailey (1977). Henderson et al. (2002: 203) found that the 
archaeological shell deposits were equally or more greatly altered by physical, chemical, and 
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biological processes than the chenier deposits. Sherwood et al. (2016) also examined the 
differences between Aboriginal middens, storm surge deposits and bird middens through 
comparative quantitative assessments of Turbo undulatus opercula breakage and size. 
Although Sherwood et al. (2016) were able to distinguish between deposit types using this 
method it is specific to the presence of Pacific Gulls and coastal sites. Qualitative 
discrimination criteria (Sherwood et al. 2016:22) needs to be tailored for different regions, as 
well as site types such as freshwater or terrestrial shell middens. Each of these studies 
highlight that taphonomic processes vary in intensity between sites and depositional 
processes and should be considered within individual site contexts. The distinction between 
natural, animal and cultural deposits (Erlandson and Moss 2001) is an important part of 
taphonomic analysis, that is possible through careful examination of all taphonomic traces.  
 
B. Burning/heating processes 
A key process that is embedded in taphonomic research is burning or heating. This can 
include cooking of molluscs as well as natural fires occurring after deposition. The majority of 
archaeological research on burning and heating is focussed on bones, lithics or mineralogy 
(Abbott and Frederick 1990; Alperson-Afil 2012; Asfora et al. 2014; Asmussen 2009; March et 
al. 2014; Miller and Sievers 2012; Munro et al. 2008; Schiegl et al. 2003; Stiner et al. 1995). 
Studies on the burning/heating of shells are minimal and focussed on only a handful of shell 
species: Anomalocardia brasiliana (Villagran 2014), Pinctada maxima (Balmain et al. 1999; 
Bourrat et al. 2007), Tellinella asperrima (Fengzhang 2009), Phorcus turbinatus (Milano et al. 
2016; Milano and Nehrke 2018), Cerastoderma edule and Scrapularia plana (Aldeias et al. 
2016), and Tapes decussatus (Nemliher 2009). It is presumed that each species reacts to 
cooking in differing ways due to differences in shell microstructure. The form and function of 
particular shell microstructures are linked to the inherent integrity and robusticity of a shell 
(Currey 1988; Watabe 1988), which can influence changes in how shell degrades from thermal 
alteration. Despite this inherent variability in shell, archaeologists do not always consider the 
possible visual and structural variations that occur when identifying and recording burning on 
archaeological material. As this process is discussed in-depth in chapter 3 (thermal 
experimental study), only a summary of burning/heating processes will be outlined here.  
The majority of literature pertaining to this process is grounded in ethnoarchaeological 
studies on varying cooking practices for shellfish (e.g. Bird and Bird 1997; Kalm 1966; McGee 
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1898; Meehan 1977, 1982), which in turn provide methodologies in experimental studies 
(Aldeias et al. 2016; Garvey 2017; March et al. 2014; Milano et al. 2016, 2018) to help identify 
and record burning on archaeological material (d’Errico et al. 2015; Milano et al. 2018; 
Spennemann 2004; Villagran 2014). Visual identification of burning/heating of a shell is 
evidenced by colour changes (brown, black, white) and microstructural disintegration 
(Claassen 1998:61; Villagran 2014). However, ethnoarchaeological studies on shellfish 
cooking practices provide little information on the specific changes in microstructural and 
chemical properties of varying shell species.  
 
A handful of recent studies have started to investigate the microstructural and 
mineralogical effects of burning/heating on modern and archaeological shell (e.g. Aldeias et 
al. 2016; Milano et al. 2016, 2018; Müller et al 2017). Milano et al. (2016) found that cooking 
temperatures above 300°C significantly altered the structural, mineralogical and isotopic 
integrity of P. turbinatus (a Mediterranean marine gastropod with nacreous and prismatic 
microstructures). Further examination of this same mollusc species by Milano et al. 
(2018:453) found that shell was exposed to high temperatures in the Mesolithic period but 
lower temperatures in the Neolithic at Haua Fteah, Libya. An experimental study on the 
microscopic archaeological traces of shellfish cooking activities (Aldeias et al. 2016) found 
that any cooking technique that involves direct contact with fire could lead to a mixed 
assemblage of aragonitic and calcitic shells. This is due to the different mineralogy and 
microstructure in the shell of varying species, which means that each species has its own 
thermal behaviour and as such will react differently despite similar cooking techniques. 
Isotopic and dating methods based on the various chemicals in shell can also highlight the 
presence of burning (Faust 1950). These select studies highlight the importance of focussed 
experimental studies on a range of species and cooking methods. 
In terms of recording burning/heating on archaeological shell, the primary method of 
identifying this process is through visual discolouration and structural changes (Davies et al. 
1990; Hammond 2014). It is possible to identify burning on shell macroscopically depending 
on the temperature and duration of burning/heating the shell has undergone (Aldeias et al. 
2016; Lindauer et al. 2018). Identifying a burnt shell is primarily based on colour, which can 
range from cream, brown, grey, black, to white as the most intense burning (Villagran 2014). 
However, not all shells will exhibit visual evidence of burning or heating and may only be 
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identified via erroneous results from dating attempts, microstructural or chemical analyses 
(Larsen 2015, Villagran 2014). Short periods of cooking and low temperatures have been 
found to produce little visual or microstructural changes in specific shell species (Milano et al. 
2016, 2018), however, further studies showed that heating Anadara uropigimelana and 
Terebralia palustris shell did not impact 14C measurements (Lindauer et al. 2018). The 
importance of understanding how particular species of shells react to different burning or 
heating methods is key to understanding this taphonomic process and in turn the impact on 
archaeological analyses and interpretations. 
Another important aspect to consider is whether burning occurred prior to deposition or 
after. Bush fires or hearths can burn shells already in-situ and thus identification of thermal 
alteration can complicate understandings on anthropogenic burning processes. The main 
means to distinguish between pre-depositional and in-situ burning of shell is through the 
surrounding archaeological and environmental evidence (March et al. 2014; Villagran 2014). 
This includes the consideration of site location (cave, open, beach etc.) presence of hearths, 
charcoal, and extreme burning of shell material (blackened/white). It is also essential to note 
the impact that burning of shell has on subsequent taphonomic processes that occur during 
diagenesis (fragmentation and physical, chemical, and biological processes).  
Despite a basic recognition of burnt/heated shell from archaeological sites there is a lack 
of specific and accurate identification and understanding of this process on differing shell 
species and shell structures. It is due to this lack of understanding that a thermal experimental 
study was undertaken on a selection of tropical shell species that encompass a range of 
differing microstructures. The results of which, along with a more in-depth and critical review 
of the literature on thermal influences on archaeological shell, will be outlined in chapter 3. 
 
C. Fragmentation  
The process of fragmentation can include both anthropic and non-anthropic sources and 
can occur at any point in time. Trampling from human occupation and animal disturbance 
(Claassen 1998; Miller 2016) causes breakage of shell material through intermittent pressure. 
This process can affect the vertical and horizontal distribution of remains (Eren 2010; Gifford-
Gonzalez et al. 1985), however, different experimental studies have found varying results in 
the extent of movement (see Miller 2016). Compaction of the sediment following trampling 
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can also impact the movement of shell material (Miller 2016), however this is dependent on 
the type of sediment and material remains. Experimental studies show that fragmentation by 
compaction is mainly controlled by point contacts between shells (Zuschin and Stanton 
2001:167). This can be caused by natural soil compaction as well as humans or animals 
walking over a site. Fragmentation from sediment pressure is related to the build-up of 
sediment over-time and can occur alongside trampling. Both trampling and sediment 
pressure fragment shell in varying ways based upon a range of variables, such as sediment-
type, depth, individual shell resilience and shell abundance, as well as other taphonomic 
processes (Hammond 2014).  
Shell strength, shape, and the size of certain species are all factors that influence the 
degree of fragmentation that occurs. External factors such as thermal, physical, chemical, and 
biological processes all play a role in weakening a shell and enabling breakage to occur. Loss 
in shell weight can also be correlated with fragmentation (Faulkner 2011), and there is a ‘close 
relationship between fragmentation and preservation in midden shell’ (Szabó 2017a:776). 
Pre-depositional processes such as modification from non-human predators or burning also 
impact how a shell will fragment (Zuschin et al. 2003). Cooking can cause thermal fracturing 
and weaken the shell structure (e.g. Milano et al. 2016) depending on particular variables.  
Fragmentation caused during the excavation of a shell midden is also something to 
consider, especially with highly fragile material. This may also be seen with sites containing 
burials where shell is removed before burying the dead (e.g. Clarke and Hope 1985), not only 
affecting the original sequence of deposition but also impacting shell durability. Muckle 
(1985) stresses the understanding of the behaviour of shells as sedimentary particles to 
accurately interpret shell midden stratigraphy. This includes shell orientation, disarticulation, 
vertical displacement and chemical weathering (Muckle 1985:96). The suite of pre-
depositional, depositional, and post-depositional processes that can fragment shell need to 
be considered when recording evidence of taphonomic processes. 
The methodology of quantifying shell material is also an important factor to consider 
as values can alter depending upon methods, which is particularly the case when comparing 
direct counts (e.g. NISP) to derived estimates (e.g. MNI). Improved methods of calculating 
minimum numbers and fragmentation rates of shell through the inclusion of multiple 
anatomical parts have been widely discussed in recent studies (Gutiérrez-Zugasti 2011; Harris 
et al. 2015). It is well argued that using weight to quantify shell material is less reliable than 
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using MNI (Mason et al. 2000) due to the differential effects of taphonomic processes on shell 
weight, however traditional methods of counting MNI do not represent shell quantities as 
well as some other methods. This is primarily the case with the pre-selection of single Non-
Repeating Elements (NREs) as it does not account for differential fragmentation of shell 
features which are contingent on shell morphology and robusticity (Harris et al. 2015). 
According to Gutiérrez-Zugasti (2011:628) and Harris et al. (2015), the use of fragmentation 
categories, which were based on anatomical parts to calculate MNI, were more accurate than 
traditional MNI quantification. Differing fragmentation indices can also be used to confirm or 
identify the action of taphonomic processes (Gutiérrez-Zugasti 2011), however, this could 
only be ascribed to geological and physical processes rather than chemical or biological. This 
underlines the importance in considering particular analytical problems regarding shell 
quantification methods (Giovas 2009) as well as recovery methods (Jenkins 2006), as they 
influence the material we analyse and base interpretations on. 
The assessment of shell fragmentation rates through a site sequence can provide 
information on formation events (whether single or multiple) and any post-depositional 
processes that may have affected the stratigraphic integrity of the site. Analysing the 
fragmentation of particular shell species over the depth of a midden is reliant on numerical 
measurements and understanding the various processes (physical, chemical, biological or 
anthropogenic) that caused the breakage of the shell, whether a combination of processes or 
a single process. Greater fragmentation is usually linked to the greater intensity of 
taphonomic processes (Gutiérrez-Zugasti 2011:628). Low fragmentation generally reflects a 
rapid sedimentation/deposition rate; however, this is difficult to ascertain, particularly when 
there is a lack of absolute dates (Faulkner 2011:124; Gutiérrez-Zugasti 2011:628; Stein et al. 
2003). Identification of the range of processes that cause fragmentation on shell is difficult, 
however certain visible traces can be recognised. These are outlined in chapter 5 methods as 
the key approaches in identifying and recording the range of fragmentation traces visible on 
archaeological shell material. 
 
D. Physical processes 
Processes caused by physical means affect the surfaces, colouration, and structural 
integrity of a shell. These processes can be placed under the umbrella term ‘abrasion’ 
(Claassen 1998:55), and refer to physical processes removing calcium carbonate and altering 
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shell morphology.  Even before a shell reaches human hands, it can experience abrasion from 
wave action, beach rolling, or altered morphology due to predation (Cadee 1999; Newell et 
al. 2007). Loss of ornamentation and/or colour, muted shell sculpture, and polished surfaces 
that were caused after burial are distinctive thanks to a large body of palaeontological 
literature in both marine and terrestrial contexts (see Zuschin et al. 2003). Terrestrial abrasive 
processes are closely linked to other taphonomic processes such as burning, fragmentation 
and biological predation (Davies et al. 1990). This means a close consideration of visible traces 
can pinpoint the origin of an abrasive process. 
Post-depositional physical processes can include loss of shell via water or wind action, as 
well as compaction from trampling, or shear from soil movement (Zuschin et al. 2003:46, 49). 
Evidence of compaction can be seen by cracks in the shell (such as hairline fractures) whereas 
a deformed shell highlights shear. Portions of shell can also be removed via sand blasting, and 
would be located on distinctive parts of the shell that would be exposed more easily (Zuschin 
et al. 2003:62). Changes in the texture of the shell surface are linked to weathering from wind 
or water and often manifest as either porous or smooth surfaces (Hammond 2014:26). 
Analysing the shell margin and the edges of fragmented shell can provide information on how 
the shell was broken. Margins and edges can be rounded and smoothed by abrasion (Parsons 
and Brett 1991:44), which contrasts the sharp and often irregular edges created at the time 
of breakage.  
Processing practices, such as boiling and cleaning, can also leave physical traces on shell 
through the subtraction of shell. Cooking is not always necessary to extract meat in some 
molluscs such as limpets or oysters, thus visual evidence of fragmentation provides an 
indication of processing. However, the removal of meat from certain species of shell (Bosch 
et al. 2015) can be difficult unless the shell is cooked, broken, or certain parts removed (such 
as the opercula). Gastropod species are particularly difficult as, unlike with bivalves, the shell 
does not cleanly open with cooking. This taxon-specific process may be identified through 
missing ornamentation or missing aperture lips (Oertle and Szabó 2019) and is linked closely 
with other fragmentation processes. Variation in gathering and processing practices between 
shell species result in different traces of fragmentation. For example, limpets can be pried 
from rocks by using a tool to lever them off which in turn can sometimes leave traces of a 
fractured margin (Bosch et al. 2015). It is important to consider such variations between shell 
species when examining archaeological material. 
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Chemical and biological processes also impact the physical degradation of a shell. Hermit 
crabs can leave abrasive marks and smoothing of the outer shell surface due to dragging of 
the shell (Szabó 2012). Understanding the role of pre- and post-depositional physical 
processes on archaeological shell provides information on how a site accumulated and was 
potentially transformed, allowing for greater clarity and resolution in our interpretations. 
 
E.  Chemical processes  
Chemical processes (under the umbrella term of ‘corrosion’) are one of the major 
contributors towards shell decomposition and include a range of processes such as acid 
dissolution, bleaching, leaching, and staining. Acid dissolution on shell is caused by acidic 
rainwater percolating through the matrix which slowly ‘eats’ away at the calcium carbonate 
material (Claassen 1998). Rainwater is not the only acidic water dissolving calcium carbonate; 
seawater is also acidic and affects the strength of organic-rich shells but not organic-poor 
ones (Zuschin and Stanton 2001:161). The extent of shell dissolution between rainwater and 
seawater contexts is dependent on the deposit as buffering from surrounding carbonate and 
siliceous clays can reduce dissolution (e.g. Ward et al. 2019). The process of acid dissolution 
and its subsequent traces on shell material are covered in depth in Chapter 4, therefore, only 
a summary is provided here and instead other chemical processes impacting shell are outlined 
in this chapter.  
Leaching has a close association with dissolution and is often used interchangeably with 
dissolution to describe the breakdown of calcium carbonate in water (Morse 1990). However, 
these two processes are distinguishable as separate stages in the progression of chemical 
diagenesis. Dissolution is the initial chemical weathering of calcium carbonate and evidenced 
through pitting and chalky powder of the shell surface. The downwards movement of this 
soluble calcium carbonate is leached and redeposited in a lower layer (Palmer and Williams 
1977:25). Excessive amounts of water cause leaching of potassium, magnesium and calcium 
from the soil (Lehmann and Schroth 2003) as well as from the shells. This can percolate 
downwards in the site and impact deeper shell material, causing calcium adhesions and 
concretion of shells (Waselkov 1987:149). Concretion and adhesions can be issues in calcium 
rich sediments, such as those found in limestone caves and rock shelters. Limestone (calcium 
carbonate) in the sediment combined with rainwater passing through the deposit causes hard 
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water to cement and precipitates as calcium concretions on calcium carbonate shells (Skinner 
et al. 2008). Excavation and the extraction of shell material without damage becomes more 
difficult in these situations. Concretions are evidenced by white/grey conglomerates on the 
shell surface, whereas a white, powdery layer of calcium carbonate on the shell surface can 
indicate leaching. Traces of leaching are also visible as deposits of cemented shell material.  
Organic material can also adhere to the surface of a shell. Bioadhesions come from grass 
or trees roots that adhere and etch (Tjelldén et al. 2015) into the shell surface. Staining from 
surrounding humic and iron-rich sediment can also occur on calcium carbonate material 
(Dupras and Schultz; Pollock et al. 2018). High salinity and high organic matter in the matrix 
can cause a higher incidence of corrosion (Hammond 2014:25). Secretions of acid from 
various marine bioeroders attached to the shell while the mollusc is alive can also have 
implications for the preservation of the shell after death. Microorganisms such as algae, fungi 
and bacteria also promote carbonate dissolution by boring into the exterior surface (Canfield 
and Raiswell 1991:415), which can alter the external morphology of the shell.  
The presence or absence of the original ornamentation (flutes, spines, ridges) and the 
colour of a shell provides information towards the overall degree of corrosion (Hammond 
2014). The pigments in gastropod shells are predominately either melanin or a tetrapyrole 
(Hollingworth and Barker 1991:106), with melanins having a higher preservation potential 
than tetrapyroles. Preservation of shell colour is dependent on the pigment composition, 
mineralogy and site placement within the shell, burial and digenetic history (Hollingworth and 
Barker 1991:117). Changes in the colour of a shell are a key visual feature that is commonly 
recorded for taphonomy (e.g. Lescinsky et al. 2002; Yanes et al. 2008).  
Another visual feature of chemical processes is focussed on the physical changes 
occurring on the shell surface. Delamination of microstructural layers are a clear sign of 
diagenesis, however distinguishing the cause between burning/heating or from chemical 
processes is difficult (Larsen 2015). The thinning and development of holes created by 
chemical processes are distinct from physical processes such as predation or compaction. 
Chemical thinning/holes are found at weaker parts of a shell and contrast with holes from 
abrasion or bioerosion (Fernández López 1999). Corrosion and abrasion can be difficult to 
differentiate on shells; however, the surface appearance of an abraded shell can appear 
glossy and smooth whereas a dissolving shell will appear pitted and chalky (Parsons and Brett 
1991:44).  
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In Byne’s disease/bynesian decay, acetic and formic acids, among others, are released 
by the materials used to store the collection: wood, varnishes, resins, paper, cardboard, and 
other storage materials (Larkin 2011). Under high relative humidity and inappropriate 
temperature, the acids react with the shells’ carbonate, yielding salts and carbon dioxide 
(Cavallari et al. 2014). Appearance of byne’s disease on shell is similar to dissolution with a 
chalky white covering the shell surface, however it is distinct from dissolution as bynesian 
decay grows out from the surface rather than into it (Becherini et al. 2018). Identifying this 
process on archaeological shell material would suggest the lack of proper storage for the 
assemblage. Byne’s disease is an important process to consider, especially with old 
archeological collections, as misidentification may confuse any recordings of corrosion. 
In summary, chemical processes such as calcium carbonate leaching, and acid 
dissolution leave distinctive traces on the surface of shells. The type of sediment that makes 
up an archaeological matrix also affects how shells decay over time and how various episodic 
layers of human occupation can be interpreted. Current research on the chemical processes 
affecting shell is primarily focussed on the natural processes that occur on fossil or modern 
marine shell (e.g Aguirre et al. 2011; Best and Kidwell 2000; Braithwaite et al. 2000; Callendar 
et al. 2002; Cherns et al. 2011; Davies et al. 1990; Palmer 1991; Wilbur and Watabe 1963; 
Yesare-Garcia and Aguirre 2004; Zuschin et al. 2003). Few studies have explored the chemical 
decomposition of shell in an archaeological context (discussed by Claassen 1998:54; 
Hammond 2014; Muckle 1985). These studies have also incorporated research from 
palaeobiological studies with a non-terrestrial context of basic chemical processes. Studies 
reveal a chalky appearance and pitting on the shell surface as evidence of acid dissolution 
(Claassen 1998:59-60), preceding the loss of colour and lustre (Parsons and Brett 1991:44). 
However, the degree of dissolution over time on various species of archaeological shell 
requires more specific and targeted research. How differing variables - such as sediment type, 
duration, shell species, and presence of thermal alteration – impact the rate of acid 
dissolution on shell in the tropics is poorly understood, and thus an experimental study was 
undertaken to explore these questions. Results from this experiment are discussed in Chapter 
4.  
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F.  Biological Processes  
There are numerous biological processes that effect carbonate material and can be 
separated into predation of live molluscs, and bioerosion and bioturbation of both living 
molluscs and post-mortem shell remains. These processes can occur in pre- and post-
depositional, as well as aquatic and terrestrial, contexts. Bioerosion cross-cuts with the 
disciplines of geology, biology and chemistry (Wisshak and Tampanila 2008), and like the 
other taphonomic processes outlined above is strongly rooted in palaeontology. Biological 
processes include macroborers, microborers and predation marks from crabs, birds or fish. 
Different predators can leave traces of their appearance on shells whilst the mollusc is still 
alive. Whereas micro- and macroborers can remain active on a shell even after the mollusc’s 
death. Each of these biological agents impact the structure of a shell and can be identified 
through taphonomic analyses.  
 
Pre-depositional marine processes occur before human collection and concentrate on 
natural predators of molluscs. Gastropods and cephalopods are the main predators that can 
drill into a shell (Dharmaraj et al. 1987; Ishikawa and Kase 2007; Kelley 2008; Lescinsky et al. 
2002; Walker 2007; Zuschin et al. 2003;) and leave distinct traces of holes passing through 
the exterior to interior surfaces. These predators can also leave holes that are unfinished 
which indicates an unsuccessful attempt on the mollusc. Holes from drilling predators are 
usually evenly spread over the shell surface with smooth edges due to a softening enzyme 
(Vermeij 1993:48). Naticacean and Muricacean boring gastropods also excavate smooth, 
round, bevelled holes (Carriker 1981:403) which are generally circular and perpendicular to 
the surface (Carriker 1981:404). Crushing, hammering, peeling, scraping and chipping damage 
can often be linked to the particular predator that left their mark on the shell (Dharmaraj et 
al. 1987; Zuschin et al. 2003). Specific microborers such as clionid sponges, algae, fungi, 
bacteria, cyanobacteria (see Schonberg 2002; Smyth 1989) and macroborers such as sponges, 
polychaetes and bivalves (Best and Kidwell 2000) can leave distinct marks on a shell that can 
then be linked to the environment they live or die in (Pawlowska et al. 2008), which can 
provide data pertaining to the mollusc’s life.  
Terrestrial pre-depositional biological processes are concentrated on those affecting 
terrestrial snail taxa as well as intertidal molluscs, which are dependent on local predators 
but includes terrestrial animals, crabs and birds.  The identification of the traces left behind 
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on archaeological shell by predators such as birds, crabs, lobsters and gastropods can be 
linked to the time and manner of death of the shell, which in turn provides a better 
understanding of the site’s formation. Examination of these traces can help to evaluate the 
origins of shell remains and whether they were deposited by humans or were of non-human 
origins (Erlandson and Moss 2001).  
 
Post-depositional processes on shell in marine and terrestrial environments are similar, 
with living organisms breaking down calcium carbonate material. Similar biogenic processes 
occur in archaeological sites as in terrestrial lithic substrates (see Mikulás 2001) since both 
direct and indirect processes affect not only the shell material but the stratigraphic integrity 
of the site. Like marine bioerosion, terrestrial bioerosion on shell is caused by specific micro- 
and macroborers that leave identifiable traces on the shell surface. Boring can occur 
throughout a midden and is evidenced by grooves and tunnels in the shell’s surface 
(Hammond 2014; Pawlowska et al. 2008; Taylor and Wilson 2003; Dharmaraj et al. 1987). 
Most microborers initiate activity on the shell exterior (Vermeij 1993:48). Scraping (removal 
of calcium carbonate) can occur in both marine and terrestrial environments, however, in an 
archaeological context this process can be undertaken by terrestrial snails (Cadee 1999) that 
can damage the shell over a large surface area. Land snails need calcium for their shell 
development (Boycott 1934:11) and attain this from the surrounding environment.  
 
There are numerous bioturbators that effect the surrounding substrate and create issues 
with sediment and material mixing as well as having direct structural effects on shell. A major 
bioturbator impacting shell in tropical coastal environments is the hermit crab. Visual 
identification of hermit crabbing on shells is seen through missing aperture lips, reshaping 
around aperture/columella, abraded interior and exterior surfaces (Szabó 2012) and interior 
scratches. The presence of hermit crabs at an archaeological site creates issues with temporal 
integrity due to the addition of non-contemporaneous shell (Szabó 2012). Additionally, 
evidence of hermit crabbed shells suggests a stable depositional surface at some point in 
time, as partially buried shells are rarely investigated by hermit crabs (Barnes 1999:249). 
Other bioturbators that transformation a site are rodents (Bocek 1986) and ants (Rink et al. 
2012; Robins and Robins 2011) as earth movers. Subsoil bioerosion is not limited to animal 
agents but also include plants. Roots can displace sediment and shell material altering the 
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original stratigraphic formation of the site. Acidic root structures (Mikulás 2001:181) can also 
stain and dissolve shell (see above chemical processes section). Like many of the other 
processes outlined in the above sections, biological taphonomic processes impact upon other 
processes that in turn affect the overall taphonomic signature of archaeological shell material. 
This reinforces the significance of considering taphonomic processes as both individual and 
collective processes. 
 
G.  Conclusion 
This chapter explored the various taphonomic processes that can be identified on 
archaeological shell. These were separated into thermal processes of burning and heating, 
fragmentation, physical, chemical, and biological processes. Each of these groups include 
processes that originate from a range of natural and cultural instigators which consequently 
effect the preservation of shell material and impact the formation and transformation of a 
site. Some processes are lacking more than others in terms of a substantial understanding of 
their effects on shell and how certain traces are created. This research addresses these gaps 
in knowledge via experimental studies which are outlined in the following chapters. Chapter 
3 presents the results from an experimental study on how thermal influences affect different 
types of shell microstructures. How the traces of chemical dissolution on shell change based 
on a range of variables are presented and discussed in Chapter 4. These experimental results 
are implemented along with the taphonomic traces outlined in this chapter to create methods 
to record taphonomic processes on archaeological shell material. These methods are outlined 
in Chapter 5, with taphonomic results from an archaeological site presented in Chapter 6. 
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3. THERMAL INFLUENCES ON SHELL: AN EXPERIMENTAL STUDY 
 
A. Introduction 
The previous chapter provided a brief summary of the current state of understanding 
regarding thermal influences on shell and underscored the lack of studies in this area. This 
chapter delivers a critical review on the handful of experimental studies on thermal alteration 
and addresses methodological issues concerning the identification of burning and heating on 
shell. An actualistic approach to understanding variability between species and methods was 
undertaken through an experimental thermal study that focussed on a select group of tropical 
shell species and a range of cooking methods. The results of this study are outlined and 
discussed in this chapter. Chapter 3 is solely focussed on the taphonomic process of thermal 
alteration, and as such includes a background and critical review of current research, methods 
in accomplishing the experimental study, results from the experiment, and a discussion of the 
results with regard to taphonomic traces on archaeological shell material. Findings from this 
chapter are incorporated in the creation of methods (Chapter 5) to recording taphonomic 
processes on archaeological material. 
The process of cooking our food is an integral part of human evolution (Parker et al. 2016) 
that has enabled us to digest a wider range of flora and fauna. This evolution was seen 
through the benefits of higher calories, sterilisation of bad bacteria, as well as increasing 
dietary breadth (Wollstonecroft 2011). The consumption of molluscs by modern humans in 
South Africa is argued by some to have been the beginning of complex cognition in modern 
human brain development due to the increase of omega fatty acids (Kyriacou et al. 2014; 
Kyriacou et al. 2016; Marean 2010). Cooked shellfish can have higher caloric values and 
reduce consumption risks associated with raw seafood (Aldeias et al. 2016). Although shellfish 
can be eaten raw, the majority of species are difficult to open by hand to access the meat, 
and therefore require the shells to be broken, pried open with tools and/or cooked. The shell 
itself is the only part that preserves in the archaeological record, and thus identifying whether 
a shell has been cooked can be a difficult task due to the cooking process not leaving well-
defined visual traces. This is due to the numerous taphonomic processes (e.g. Claassen 1998; 
Stein 1992; Hammond 2014) that occur in an archaeological site, as well as a range of factors 
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associated with the initial cooking of shellfish, such as duration and temperature. The impact 
of thermal alteration on archaeological shell and the interaction with subsequent post-
depositional processes has received greater attention in recent years. Experimental studies 
(discussed below) have been the principal approach in achieving a greater understanding of 
the impact of thermal processes on shell, with methodologies primarily based upon 
ethnographic observations of various cooking methods.  
 
There have been a number of methods for cooking molluscs observed ethnographically 
and ethnohistorically which include boiling, roasting on fires/coals, heating in earth ovens, 
and steaming (studies cited Waselkov 1987). Boiling cooks the mollusc at relatively low 
temperatures (100°C), however, some form of water retaining vessel is necessary. The 
cooking of molluscs over a fire has been described in numerous ethnographies (e.g. Bird and 
Bird 1997; Kalm 1966; McGee 1898; Meehan 1982; Oberg 1973; Quinn 1987) as taking a 
relatively short period of time; indeed only a few minutes (Meehan 1982:87). Any visible 
discolouration or physical alteration from cooking is dependent on the temperature, 
proximity, and duration of the shell’s exposure to fire. Domestic fire temperatures can range 
between 317-950 °C (Wolf et al. 2013) dependant on fuel type. Ethnographically, the An-barra 
of northern Australia used small sticks and dead grass to create fast, hot fires (Meehan 
1982:86-87). The identification of cooked shell can help to infer human behaviours associated 
with shellfish consumption, such as the particular cooking methods used (Milano et al. 2018; 
Villagran 2014). There are, however, issues with separating shell thermally altered via 
naturally occurring fires from shell deliberately cooked over a fire. Recent work on this key 
issue uses micromorphology to identify differences in sediment, charcoal and shell on a 
microscopic scale (Villagran 2014; 2019). 
 
Archaeological shell material that has undergone cooking may be identified through 
visible changes such as thermal fracture and discolouration, however lower temperature 
cooking methods such as boiling may not alter the shell surface to the same extent that 
elevated temperature and/or direct contact methods, such as roasting. Microscopic or 
chemical transformations, on the other hand, may be more pronounced and provide a better 
understanding of thermal effects on shell. The microstructures of shells vary (Watabe 1988) 
between shell taxa and as such require individual examination to avoid oversimplifying 
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patterns in the effects on thermally altered shell. Varying methods of cooking can impact shell 
differently dependent on temperature and duration. This chapter examines the effects of 
varying thermal influences on tropical marine shell by observing the macroscopic, 
microscopic, and chemical changes; and explores the relationship between thermal process 
and other taphonomic processes associated with archaeological shell.  
 
B. Background 
i. Previous studies 
Thermal experiments have been undertaken in a wide range of areas in archaeology, 
such as bone, lithics, micromorphology, and wood. Recent studies have begun to explore the 
effects of burning or heating on shell with an archaeological context in mind. Experimental 
analysis of shells have primarily explored macroscopic changes (Spennemann 2004), 
however, recent studies have focussed on microscopic effects on structure, as well as mineral 
and isotopic composition (Villagran 2014; Müller et al. 2017; Milano et al. 2016, 2018; Aldeias 
et al. 2016). The following summaries of experimental studies on archaeological shell 
highlight the key methods in understanding and identifying traces of thermal alteration, 
however, there are issues with these approaches which are discussed in this review. 
D’Errico et al. (2015) investigated colour changes on Nassarius kraussianus from 
Blombos Cave using colour comparison and structural composition (Scanning Electron 
Microscope, Energy Dispersive Analysis of X-rays and Raman) analyses to determine 
unintentional heat treatment of shell beads. This focus on colour change is specific to a 
particular species, and only briefly engages with the microscopic and mineralogical 
modifications. Another study that is primarily focussed on macroscopic visual changes in 
cooked shell is presented by Spennemann (2004). Although he covers analyses of colouration, 
surface modification, size, and shell resistance for various temperatures, durations and 
cooking methods, he does not investigate the microscopic or mineralogical results for 
Gafrarium tumidum and Anadara antiquata. He also presents an uncontrolled study that lacks 
clear distinction between variables.  
Villagran (2014) undertook heating experiments on Anomalocardia brasiliana in a 
muffle furnace with temperatures ranging between 200-800°C. Her macro and 
micromorphological analyses helped to identify whether shells in thin sections taken from a 
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combustion feature were in situ. A comparison with her experimental samples also gave an 
estimate of the temperatures archaeological shells were subjected to. This approach to 
identifying in situ or reworked hearths through micromorphological analyses assumes that 
the changes seen in shells heated under controlled conditions are analogous to shell cooked 
on prehistoric fires. Further micromorphological studies on varying cooking types should be 
undertaken to comprehend this issue.  
Milano et al. (2016) included both boiling and roasting methods (with a range of 
temperatures: 100°C boiling, and 300°C, 500°C and 700°C roasting; and durations: 20 minutes 
and 60 minutes) in their examination of the thermal behaviour of Phorcus turbinatus. They 
found that temperatures over 300°C significantly altered the structure and minerology of the 
shell, with aragonite morphing into calcite around 300-500°C, however boiling had little to no 
effect on shell appearance, structure, mineralogy and isotopic composition. This study 
provides an in-depth analysis of the effects of cooking, however the temperature range used 
(100-700°C) incorporated two methods of cooking (boiling and roasting) to ‘simulate different 
food proxies to the flame’ (Milano et al. 2016:22). The subsequent controlled experiment, 
however, used a muffle furnace to heat the shells to selected temperatures. It is expected 
that heating and burning of shell would result in different outcomes as they are two different 
processes. Burning (a form of combustion) is a chemical reaction between a fuel and oxygen 
in which heat is produced, whereas heating (pyrolysis) is a thermochemical decomposition of 
organic material and does not involve reactions with oxygen (Turns 1996). Nevertheless, the 
experimental setup for this study provided a range of temperatures and methods that 
highlight the variable nature of thermal processes.  
Aldeias et al. (2016) used both burning and heating methods to investigate micro and 
macro visible traces of shellfish cooking on archaeological material. Controlled heating in a 
muffle furnace and three roasting-with-fire methods were used on the shell of two species of 
bivalve. Their results suggest that mixed mineralogical assemblages can imply a type of 
cooking that involves direct contact with fire due to the variable temperatures reached. 
Complete transformation to calcite is suggested to be associated with high temperature 
hearths, such as hearths on top of a shell matrix or shells thrown into a fire (Aldeias et al. 
2016:12). This experiment focussed on European bivalve species composed solely of 
aragonite, and the microstratigraphic signatures of roasted shellfish, however specifics on 
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microstructural changes or differences between species were not examined. Microstructural 
variation is an important variable to consider as different structures degrade in distinct ways, 
which has impacts on the visible traces of thermal alteration. This is explored further below. 
These studies provide a valuable basis from which to examine thermal alteration on 
varying shell species and explore how differing methods of cooking affect molluscs on macro 
and microscopic levels. Nevertheless, there is a lack of research on Indo-Pacific shell species, 
as well as an absence of in-depth microstructural analyses. This has led to my own 
experimental studies that tackle these areas of research. Before presenting these 
experimental studies a background review of the importance and variability of shell 
microstructure needs to be outlined. 
 
ii. Microstructure 
Molluscs create their shells by periodically depositing bioorganic calcium carbonate 
layers, which can be seen in the formation of growth lines (Vermeij 1993). There is an episodic 
nature to shell growth, where the punctuated growth lines are in fact periods of stagnation. 
The ocean is supersaturated with calcium and dissolved carbon dioxide (Vermeij 1993:40) 
which are the building blocks for shell.  
The fabric of a shell is made up of calcium carbonate crystals along with an organic 
matrix (conchiolin). CaCO3 can occur either in the form of calcite or aragonite (Claassen 
1998:22). Calcite is a more stable crystal form of CaCO3, which is why aragonite crystals will 
eventually morph into calcite, either as a part of the fossilisation process or at high 
temperatures (Solem 1974:10). This is referred to as recrystallisation. Experimental studies 
on shell (Aldeias et al. 2016; Balmain et al. 1999; Milano et al. 2016; Müller et al. 2017; 
Staudigel and Swart 2016) show that the conversion of primary biogenic aragonite to 
secondary calcite occurs at temperatures around 250-500°C (figure 3.1). Biogenic aragonite 
tends to recrystallise at around 280-400°C (Yoshioka and Kitano 1985:246), however 
variability occurs between different species, with complete recrystallisation also occurring at 
different temperatures. A second conversion occurs around 600-900°C where calcite converts 
to calcium oxide (Herbert 2008). This conversion temperature is also variable between 
species. 
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There are numerous morphological types of microstructures (figure 3.2) found in 
molluscs which can be grouped under five main types: cross-lamellar, prismatic, foliate, nacre, 
and amorphous. Each of these microstructures react differently to external processes (Clark 
II 1999). Only those microstructural types in the species of shell selected in this experimental 
study will be outlined (Tegillarca granosa, Geloina expansa, Saccostrea glomerata, Pinctada 
maxima, and Turbo setosus). 
 
Cross-lamellar microstructures (figure 3.3) are hierarchical and are made up of 
aragonitic crystallites with an organic matrix (conchiolin) surrounding the third-order lamellae 
(Uozumi et al. 1972). Tablets are stacked up to create mutually parallel, rod-, blade-, or lath-
like basic structural units (third-order lamellae) which are aggregated into block-like first-
order lamellae (Carter et al. 2012:45). These lamellae are angled in alternating directions, 
meaning that there is no clean path of fracture (Currey and Kohn 1976) and any force is re-
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Figure 3-1: Chemical changes in the constituents of mollusc shells (after Herbert 2008:274) 
 36 
routed between each angled layer (Szabó 2017b:315). This microstructure is the most 
common structure found in both evolved gastropods and bivalves. 
 
Li et al. (2015) found that the cross-lamellar structure in Conch shells (Busycon carica) 
remained despite the phase transformation from aragonite to calcite at 500°C, however this 
architecture was lost at 900°C, with the microstructure turning to a granular amorphous 
structure. Thermal treatment at 310 °C removed the biopolymer revealing nanoparticles in 
the third-order lamellae (Li et al. 2015:722).  
 
 
 
Figure 3-2: Microstructure types a) Columnar and sheet nacre, b) cross-lamellar, c) foliate and d) 
prismatic (from Szabó 2017b:316) 
Figure 3-3: Schematic reconstruction of the crossed-lamellar layer in Mollusca (from Dauphin and 
Denis 2000:369) 
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As part of the current study scanning electron microscope imaging of modern sections 
of Tegillarca granosa (TG) and Geloina expansa (GE) were taken from the margin, body and 
umbo. Images of sections were taken of both the x and y axis (figure 3.4) to show the different 
directions the lamellae have been laid down to create each of the structural layers. T. granosa 
and G. expansa micrographs show a crossed-lamellar microstructure (figures 3.5 and 3.6). 
These block-like first order lamellae are made up of smaller rod units which are in turn 
composed of individual crystal tablets (4th order). This interconnecting structure makes a 
clean fracture path difficult. Geloina expansa also has cross-lamellar sub-layers, with the 
upper exterior made of fine cross-lamellar and the lower interior made of complex cross-
lamellar layers (Isaji 1993). This sub-layering can be seen in the Dinolite and SEM images 
(figures 3.5 and 3.6). 
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Figure 3-4: SEM and XRD subsampling locations of different shell types. Length and width 
measurements, interior and exterior layers, x and y axis 
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Figure 3-5: Dinolite image of modern Tegillarca granosa section (left) scale 1mm, and modern Geloina 
expansa (right) 
1 2 
3 4 
5 
Figure 3-6: Modern Tegillarca granosa (TG) sections showing microstructure at different 
locations. 1)margin x axis, 2) margin y axis, 3) body x axis, 4) body y axis, 5) umbo x axis. 
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Foliate microstructures are composed of long calcitic blade-like laths (Kent 1992) set 
parallel to one another, with sharply angular, pointed terminations on the depositional 
surface (Carter et al. 2012:66). These laminae/folia are rather weak and tend to flake and 
splinter instead of fracturing cleanly (Zuschin et al. 2003:55). Saccostrea glomerata has a 
foliate microstructure with repeated chalky layers separating the folia (figure 3.8). Chalky 
microstructures occur within calcitic foliated shell layers of many taxa within the Superfamily 
Ostreoidea. This chalky microstructure has mutually parallel and irregularly aggregated 
blades or leaflets (figures 3.9-3.10). Both foliate and chalky layers are structurally similar, with 
differences in orientation and aspect the result of variations in growth conditions (Checa et 
al. 2018). 
 
 
Figure 3-8: Oyster multi-layered microstructure showing repeated folia and chalky layers (from 
Lee et al. 2011:62)  
Figure 3-7: Geloina expansa cross-lamellar microstructure seen under secondary electron SEM 
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Prismatic
Foliate
Chalky
Figure 3-10: Modern Saccostrea glomerata SEM images from different locations and axis. Top – left) margin x axis 
foliate layer, middle) margin y axis chalky layer, right) body x axis foliate layer. Bottom – left) body y axis foliate, 
right) margin y axis exterior prismatic, foliate and chalky layers. 
Figure 3-9: Modern Saccostrea glomerata section images taken on 
dinolite showing white chalky layer and clear folia layers, scale 1 mm. 
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Prismatic microstructures are usually found as the outermost layer of a shell (figure 
3.11). The crystal tablets (crystallites) are stacked to form long polygonal columns/prisms that 
are arranged side-by-side and aligned perpendicular to the shell surface. The prismatic 
microstructure lends itself to clean breaks that move downwards until the force dissipates 
laterally upon hitting the (typical) inner nacreous layer (Szabó 2017b). There are four 
categories of prismatic microstructures: simple, fibrous, spherulitic, and composite (Carter 
1990:610).  
 
Both Pinctada maxima and Turbo setosus have simple prismatic exterior layers 
(figures 3.11-13), however Pinctada is made of calcite whereas Turbo is aragonite. The simple 
prismatic structure is composed of prisms which are made of calcite crystallites, lateral lines, 
and insoluble organic sheaths (Kobayashi 2006). This structure has a relatively high organic 
content. The diameter of a prism is between 20-100 microns and the inter-prismatic region is 
approximately 1-3 microns wide (Kobayashi 2006:693). An amorphous second-order 
structure is found in Pinctada maxima (Carter 1990:78).  
Nacre (columnar and sheet) is aragonitic and is generally the strongest form of 
microstructure (Currey 1988). The nacre tablets are surrounded by an organic matrix in a 
‘brick-and-mortar’ like structure (Watabe 1988). Bivalves create sheet nacre where the 
tablets are laid down horizontally across the surface of the shell interior (figure 3.14). Tablets 
are uniform in thickness (Suzuki and Nagasawa 2013). Columnar nacre, on the other hand, is 
found in gastropods (Suzuki and Nagasawa 2013:353) and are made up of tablets or platelets 
Figure 3-11: Left) P. maxima section showing prismatic and nacreous layers, right) T. setosus showing 
prismatic and nacreous layers 
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of aragonite stacked in columns with each covered in an organic matrix (figure 3.15). As the 
shell grows these columns coalesce horizontally to form sheets (Wilbur and Saleuddin 
1983:260).  
Nacre is high in organic material, however once the mollusc dies the organic material 
decays and the shell quickly loses its toughness (Vermeij 1993:50-57). Numerous studies on 
the mechanical uses of nacreous material have provided a greater understanding of the form 
and function of this microstructure (Currey et al. 2001). Despite its mechanical strength, nacre 
is vulnerable to shearing if force is applied parallel to the nacre sheets (Szabó 2017b:314). The 
action of thermal processes on nacre can also affect the structural strength of the nacreous 
arrangement. Studies on the effect of heat treating on nacre (Haliotis rufescens) has shown 
that at 500°C the nacreous structure keeps the brick-mortar architecture, with individual 
platelets converted to calcite and nanoscale holes on the surfaces and boundaries of platelets 
(Huang and Li 2009:1807). Balmain et al. (1999) found Pinctada maxima aragonite morphed 
to calcite at 300-400° C, with this calcite beginning to change into calcium oxide around 500-
600°C to full transformation to calcium oxide at 900°C.  
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Figure 3-12: Prismatic Pinctada maxima, Top- left) Margin x axis, right) Margin y axis; Bottom - left) 
Body x axis, right) Body y axis,  
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Figure 3-13: Prismatic Turbo setosus Top- left) Margin x axis, right) Body x axis prismatic and nacre 
transition; Bottom - left) Body x axis, right) Apex x axis 
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Figure 3-14: Nacre Pinctada maxima. Top - left) Margin x axis, right) Margin  y axis. Bottom - left) 
Body x axis, right) Body y axis 
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Figure 3-15: Nacre Turbo setosus. Top -left) Margin x axis, right) Margin y axis showing distinct 
columns. Bottom - left) Body x axis, right) Apex x axis 
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C. Methods 
The aim of the experimental work, detailed in this chapter, was to identify the various 
markers generated by different cooking methods centred on burning and heating on a range 
of shell species through visual, microscopic and mineralogical signatures. Combustion or 
burning of shell occurs with direct contact to the components of a fire, which includes cooking 
methods of roasting over coals/flames. On the other hand, heating explicitly refers to 
methods of cooking such as roasting in buried ovens or steaming. It is thus hypothesised that 
macroscopic, microscopic and mineralogical results will vary between these two thermal 
methods.  
Four different microstructures were targeted for this burning/heating experiment. Each 
of these microstructures could be found in particular shell species, and thus five species of 
shell were selected due to their availability in the field as well as their prevalence in Indo-
Pacific archaeological shell deposits (table 3.1). The variation in microstructure also provided 
analytical contrast between different shell species and particular thermal methods. 
 
This experimental study addresses sub-question 1, outlined in Chapter 1, through three 
key aims. 
• To visually identify evidence of burning or heating on a range of different shell 
species/microstructures 
• To visually and chemically distinguish burning methods from heating methods 
• To understand the chemical and microstructural effects that different thermal 
methods have on shell 
The combustion experiment was undertaken in the field on the island of Malaita in the 
Solomon Islands, and the heating experiments took place in the laboratory at the University 
of Wollongong. The field experiment was conducted concurrently with ethnoarchaeological 
studies in the Solomon Islands, which provided an availability of shell samples and burning 
materials. Different processes of burning/ heating on various shell species for differing 
durations were investigated for each of these experiments. The different processes were 
based on methods of cooking which included: direct flame, indirect flame on coals, and 
heating via an oven. 
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Table 3-1: Different shell species used in thermal experiment and corresponding microstructures 
Species Microstructure 
Tegillarca granosa (Blood Cockle) Cross-lamellar 
Geloina expansa (Mud Clam) Cross-lamellar 
Saccostrea glomerata (Sydney Rock Oyster) Foliate 
Pinctada maxima (Gold-lipped pearl oyster) Calcitic prismatic exterior, sheet nacre interior 
Turbo setosus (common Turban) Aragonite prismatic exterior and columnar nacre interior 
 
Bulk samples of each of these species were sourced from various locations to be used 
for the burning/heating experiment. Saccostrea glomerata valves were sourced from an 
oyster farm in Nowra, NSW, Australia. The shellfish were purchased live and then shucked, 
emptied of meat, and left to air dry in the shade for seven days, then bagged and accessioned. 
Pinctada maxima valves were sourced from Cygnet Bay Pearl Farm, Western Australia, 
Australia as unprocessed clean valves and accessioned. Geloina expansa and Tegillarca 
granosa were sourced live from the Honiara central markets in the Solomon Islands. Each 
species had to be boiled for 15-20 minutes until the valves opened and then the meat was 
removed. The valves were then left to air dry for two-three days. The Turbo setosus were live 
collected at Langa Langa Lagoon, Malaita, Solomon Islands then boiled for 20-25 minutes to 
cook and facilitate meat extraction. The meat was removed, and the shells were left to dry in 
the sun for 2-3 days.  The preparation by boiling of some of the shell species was determined 
to have no effect on microstructure or FTIR results due to the short duration and low 
temperatures. Recent experimental studies by Milano et al. (2016) and Aldeias et al. (2016) 
showed that boiling at 100°C created no visual changes or had any effect on the 
microstructure, minerology or isotopic composition of the shell. The only change appeared in 
P. turbinatus, with a slight shift in the nacre platelet organisation when boiled for 60 mins 
(Milano et al. 2016:17). Although these studies show that boiling had no discernible effect on 
the selected species, this may not necessarily be the case for all taxa or microstructures. 
Nevertheless, the shell samples used in the following experiment were not boiled for more 
than 25 minutes; thus, we can be confident that these shell samples are comparable to the 
live-caught shells, and in turn provide an adequate base comparison for thermal and chemical 
experiments. Although the boiling process does not affect the shell itself, the meat - as the 
primary focus of subsistence – would have been affected by cooking. Due to logistics, thermal 
 49 
experiments could not be undertaken with live shell, thus questions regarding the minimum 
amount of time needed for meat extraction, cooking, and meat inedibility was not possible.  
Ethnographic records show an array of cooking methods for different shell species (see 
Waselkov 1987) and highlights the variability in processing shellfish, however a common 
duration for cooking is emphasised as short. 
Every thermal experimental shell sample was given an accession number, weighed, length 
and width measured, and photographed. The thermal experiment included two different 
methods of open fire burning and two different durations of oven heating.  
• Burning: Direct flame (in camp fire) and Indirect flame (coals/embers, camp fire) 
• Heating: 400°C and 600°C (muffle furnace) 
Four samples of each species were kept unburnt as base references for comparison of results. 
The size/weight of each sample was kept as similar as possible within each species to ensure 
the comparability of data. The durations of 5 minutes and 10 minutes were selected due to 
the limited amount of time needed to cook a shell, particularly with bivalves (Meehan 1982). 
The 5- and 10-minute durations were applied to each of the four methods, with two shell 
samples used within each experimental phase.  
 
i. Materials and methods 
- Species (16 specimens each plus extra unburnt = 20) 
• Tegillarca granosa (disarticulated) 
• Geloina expansa (disarticulated) 
• Saccostrea glomerata (left valve) 
• Pinctada maxima (disarticulated) 
• Turbo setosus  
- Thermocouple probes 
- Data logger and Logmaster 4 software 
- Organic materials for fire building (wood, grass, coconut fibres) 
- Aluminium foil trays 
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Step 1: Making the fire in the field – Method type: Burning 
A small fire was made on a cement fireplace with coconut shell, fibres and fronds, and a wood 
known as Agua in the local language (Pometia pinnata, Sapindaceae). This type of hardwood 
burnt very hot. Two thermocouple probes were placed into the fire close to where the shells 
were placed. And one left to the side to measure ambient air temperature. The probes were 
connected to a data logger and then through to the laptop programme (Logmaster 4) to 
record real time temperature.  
Step 2: Direct flame method  
Four shells of each species were carefully placed on burning pieces of wood with flames 
averaging temperatures of 600°C (range between 533-680°C). After 5 minutes two of the 
shells were removed and then at 10 minutes the other two followed. The shells were left to 
cool on a timber bench. 
Step 3: Coals method  
Once the direct flame method was undertaken for each shell species the fire was left to die 
down to burning coals/embers with temperatures averaging around 400°C. The same 
procedure was undertaken as with the direct flame method. Four shells were placed on the 
coals with two shells removed at 5 minutes and at 10 minutes. 
Step 4: Muffle furnace method in the laboratory – Method type: Heating 
This method type of heating was undertaken with a muffle furnace. The furnace was set to 
400°C and left for 30 mins to preheat before the shells were added. Four shells of each species 
were placed in the muffle furnace, with two removed at 5 minutes and 10 minutes and left 
to cool on the bench at room temperature. The furnace temperature was then increased to 
600°C and four more shells of each species were placed in the furnace, again with two 
removed at 5- and 10-minute intervals.  
Step 5: Recording burnt shells 
The shells were left to cool then photographed before bagging. Each shell was later weighed, 
measured and analysed under the Dinolite digital microscope in the laboratory. Subsamples 
were taken for SEM analysis and mineralogical analysis (XRD). These subsamples were taken 
from particular locations on the shell (figure 3.4). For SEM analyses, section fractures 
(undertaken by hand and pliers to snap the shell) were taken from the x (perpendicular) and 
y (parallel) axis of the margin and body, as well as the x axis from the Umbo/Apex. The XRD 
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subsamples on the other hand were taken from three points on the margin, central body, and 
the umbo/apex. For the shell species with more than one microstructure (Pinctada maxima 
and Turbo setosus), subsamples of both the interior nacre and the exterior prismatic surfaces 
were taken.  
Step 6: SEM analyses 
The fractured SEM subsamples were placed on stubs with non-conductive tape with the 
section face facing upwards. Gold or Carbon was sputter coated on the stubs/shells before 
being inserted in to the SEM. Two different models were used (JOEL 4870 EDS and PHENOM 
2000), with comparative images taken from each individual subsample showing the same 
structure, and as such ensuring that the images were comparable overall. Images were taken 
at 100, 250, 500, 1000, and 2500-micron magnification under secondary electron.   
Step 7: XRD analyses 
Subsamples were crushed into fine powder in an agate mortar and pestle with 
Ethanol/Acetone due to its fast evaporation and to reduce production of heat during crushing. 
The powder samples were run through the X-ray diffraction machine (Spellmann X-ray 
generator attached to a copper X-ray tube with a Philips Goniometer). Normal machine 
settings (Start: 4. Finish: 70, Step size: 0.02, Scan speed: 2/min). Results were analysed on 
Traces and Siroquant to assess aragonite/calcite percentages. A comparison of percentages 
from each specimen was undertaken to examine the rate of aragonite to calcite 
recrystallisation. 
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D. Results 
The flame temperatures of fires can have a wide range, between 300 -1500°C (David 1987; 
Wolf et al. 2013; Wright and Bailey 1982), and the temperatures reached on a shell surface is 
not uniform. Unlike the controlled muffle furnace heated samples, the burning with fire 
method was more actualistic in nature as there was variation in temperatures even with the 
same experimental method and duration. Thermocouple probes placed next to the shells had 
distinctly different temperature ranges for each method (figures 3.16-17) and thus the aim of 
having variation between the different cooking methods was met. When comparing between 
the burning and heating methods the average temperature is used as a representation of low 
and high temperature ranges rather than an exact temperature. The coal method of burning 
can be compared to the 400°C method of heating and the flames method of burning to the 
600°C heating method. Figure 3.16 shows relatively small variability in the temperature of 
coals over 10 minutes, whereas, figure 3.17 shows greater variability during the flame method 
experiment. Flame temperatures fluctuated between 532-680°C throughout the experiment 
with particular shell species experiencing variability of 80-120°C in temperatures. 
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Figure 3-16: Temperature data recorded from Coals method. 5- and 10-minute intervals with temperatures ranging between 417-458°C 
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Figure 3-17: Temperature data recorded for Flames methods. 5- and 10-minute intervals for each species with temperatures ranging between 532-727°C  
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i. Tegillarca granosa 
 Burning 
a. Macro photographs 
Photographs were taken of the interior and exterior surfaces of each sample before and 
after thermal alteration. Appendix A show the changes in surface colouration and structure 
from burning on coals at the 5-minute and 10-minute duration, with the 10-minute duration 
showing thermal fracturing on the exterior surface, as well as darker discolouration on both 
surfaces. Changes in colouration and structure also occur after burning on flames for 5- and 
10-minute durations. Blackening on both the interior and exterior surfaces are distinct with 
thermal fracture occurring on the exterior surfaces of the 5-minute sample. The 10-minute 
sample shows even distribution of grey discolouration on both surfaces along with 
delamination and thermal fracturing.  
 
b. Dinolite photographs 
Dinolite photographs were taken before and after thermal alteration of the shell. 
Section photos show changes in fracture patterns, colouration differences at different 
microstructural layers, as well as clear changes in the crystal matrix. Layers appear to be 
delaminating (figure 3.18) with the section fracturing in a more coarse and uneven plane than 
the modern sample. The interior surface layers are a grey colour and contrast with the above 
white layer.  
 
 
 
Figure 3-18: Tegillarca granosa dinolite sections after burning, left) SG08 x40, right) TG01 x50. Whitening 
of cross-lamellar structure. 
1mm 1mm 
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c. SEM 
SEM images taken from each of the different burning methods and durations display 
microstructural differences between methods, as well as between locations (figure 3.19). 
Aragonite needles are only found in the coals 5-minute margin sample. Both an increase in 
temperature and duration appear to transform the layered lamella into prism-like 
aggregations. These prism-like aggregations are found embedded in the first order lamella 
from the coals 5-minutes margin sample suggesting this structural change occurs at low 
temperatures and rather quickly. Microstructural changes at the umbo appear to be delayed 
compared to the margin and body locations. The flame methods, particularly at 10 minutes, 
have lost the cross-lamellar structure and have amorphized into a block-like structure with 
random fracturing. Nanoscale holes can be seen on the surface of this structure on the 10-
minute samples.  
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Figure 3-19: Tegillarca SEM images after burning experiments. a1) prisms dislodge from surrounding structure, a3) cross-lamellar structure still visible but 4th lamellae 
starting to meld together, b4) amorphous melding of lamellae, c1) melding of 2nd order lamellae into1st order blocks, d3) amorphous melding of 1st and 2nd order lamellae, 
d4) complete melding of lamellae into amorphous structure.  
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 Heating 
a. Macro photographs 
Macro photographs of the heated samples show greater thermal fracturing primarily 
focussed on the body and umbo on the exterior surface, and greater uniformity in colouration 
on both the exterior and interior surfaces (appendix A). Fracture lines also appear on samples 
that have undergone longer exposure (appendix A). There is an increase of peeling layers on 
the interior surface as well as a clear difference in discolouration between the interior margin 
and body. 
 
b. Dinolite photographs 
Colouration shows a distinct variation between the interior and exterior halves of the 
cross-lamellar structure (figure 3.20) with the interior half containing greater organic 
material/intercrystalline proteins.  
 
 
Figure 3-20: Tegillarca dinolite section taken at Umbo location from 600°C 5 minutes x35 
magnification 
1mm 
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c. SEM 
With the heating methods we see aragonite morphing into the form of needles (figure 
3.21). Aragonite needles are found in 400°C 10 minutes and 600°C 5-minute samples at all 
locations, which suggests a specific point of recrystallisation when heated. The first order 
lamellae become more amorphized with increased temperature and duration. The second 
and third order lamellae are more rounded and clumped but still remain in a rod-like form. 
On the other hand, the fourth order lamellae become rounder with increased temperature 
and duration, with the majority of the basic structure being lost at 600°C after 10 minutes. 
Lamellae exposed to 600°C temperatures appear rounder and more amorphized compared 
to lamellae exposed to 400°C temperatures. Nanoscale holes are visible on the 600°C 5- and 
10-minute samples. The 400°C 5-minute y margin images show larger prism-like aggregates 
compared to the body y axis, indicating that the margin has experienced greater conversion 
to calcite than the body. First order lamellae are also fracturing into prisms and leaving more 
surface area on the y axis sections as they appear to break against the cross-lamellar 
interconnecting lamellae. 
When looking at the microstructural results as a whole we can see differences between 
the burning and heating methods in terms of; recrystallisation occurring sooner at higher 
temperatures and over a larger space with margins being affected more than the body or 
umbo, the cross-lamellar blocks becoming rounded and more amorphized with increased 
temperature and duration for both burning and heating, and fracture paths remaining 
unpredictable. Longer durations (10-minutes) show advanced thermal alteration in each 
temperature range and method type compared to a shorter duration (5-minutes). 
Interestingly, the needle-like aragonite forms are seen on all the heated samples apart from 
the 600°C 10-minute sample, whereas it was only present on the coal 5-minute sample in the 
burning method.  
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Figure 3-21: Tegillarca SEM images after heating experiments. white boxes showing a1) melding of 3rd and 4th lamellae, a3) melding of 1st and 2nd lamellae b4) aragonite needles 
scattered between 1st and 2nd lamellae, b5) rounded 3rd and 4th order lamellae, c1) aragonite needles clustering together at points, c3) 2nd order lamellae amorphized into 1st order 
blocks, d2) amorphous structure with random fracture, d4) cracks throughout structure 
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 Colour and dimensions 
Munsell colour changes on the interior and exterior surfaces (see appendix G for raw 
data) show a change from yellowish brown to shades of brown, then transforming to greys 
and white (table 3.2). The exterior surface colouration is similar between burning and heating 
with the same temperature methods. 
 
Table 3-2: Tegillarca granosa interior and exterior surface Munsell colourations 
Method 
Tegillarca granosa 
interior 
Munsell 
Tegillarca granosa 
exterior 
Munsell 
Unmodified/control White N9 Light brown olive 2.5Y 5/4 
Coals 5 mins Very pale yellow 2.5Y 9/2 Yellowish brown 10YR 5/6 
Coals 10 mins White White N9 Dark orange yellow 10YR 9/2 
Flames 5 mins Very pale yellow 2.5Y 9.5/2 Very pale brown 10YR 7/3 
Flames 10 mins Light grey 2.5Y 7/1 White Gley 1 8/N 
400 °C 5 mins Very pale brown 10YR 8/4 Light olive brown 10YR 4/4 
400 °C 10 mins White 2.5Y 8/1 Very pale brown 2.5Y 5/3 
600 °C 5 mins White 10YR 8/1 Light grey 2.5Y 7/2 
600 °C 10 mins Grey 10YR 5/1 White N8/5 
 
Measurements of length, width and weight taken before and after the experiment 
show an increase in dimensions but a decrease in overall weight (see appendix F for raw data). 
The increase in dimensions is attributed to thermal fracturing as well as 
delamination/separation of layers which has expanded the shell, whereas the decrease in 
weight is attributed to the loss of organics and possibly water/moisture. Paired t-test 
statistical analysis (assuming equal variance) reveals that the difference in mean values from 
the initial and final weight (t=0.52, df=30, p=0.30), length (t=-0.41, df=30, p=0.34) and width 
(t=-0.82, df=30, p=0.20) measurements are not statistically significant. The difference in the 
initial and final metrics were plotted and show an upwards trend associated with increased 
temperature and duration, with the burning methods and a decrease with heating methods 
(figure 3.22).  
A 2-factor ANOVA without replication was run on the difference in weight, length, and 
width and show that the results are statistically significant with the variance between the 
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different methods (F=4.27, df= 15, p= 0.00), as well as between each metric-type (df=2, F= 
4.09, p= 0.03). 
 
 XRD results 
The mineralogical results of X-ray diffraction analyses show some interesting 
differences between the burnt and heated samples. Firstly, the calcite percentages seen at 
the different locations (1=margin a, 2=margin b, 3= margin c, 4=body, 5=umbo) show a 
greater distribution within each location group for the body and umbo locations (figure 3.23). 
The burnt samples (triangles) are a lot more variable compared to the heated (points), which 
are all between 80-100% calcite and suggest an even heating of the samples compared to the 
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Figure 3-23: Calcite percentages from each location for each method (Tegillarca). Legend shows 
AGM (modern) and Coals, Fire, 400°C and 600°C at 5- and 10-minute duration samples. 
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Figure 3-22: Metric changes after thermal experiments for T. granosa (Coals, Fire, 400°C and 600°C 
at 5- and 10-minute durations). 
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fluctuating temperatures found during burning. This variability in the burning methods is 
statistically significant (df=3, F=6.02, p=0.00), however the location results are not significant 
(p¹<0.05). The variance in the heating methods and locations are not statistically significant 
(p¹<0.05). We can see the difference in significance of the burning and heating results visually 
with a scatter plot (figure 3.24). There is a greater distribution of calcite recrystallisation from 
burning methods compared to heating methods which cluster between 80-100% (solid line). 
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Figure 3-24: All XRD results for T. granosa showing large spread for burning methods (coals and flames), 
and clustering for heating methods (400 and 600°C) 
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Figure 3-25: Tegillarca granosa average calcite percentage for each method. Coals (5 and 10mins), Flames (5 
and 10mins), 400°C (5 and 10 mins), 600°C (5 and 10 mins). 
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All locations were then combined to give an overall sample percentage, resulting in an 
interesting difference between burning and heating (figure 3.25). The increased duration (10 
minutes) for each of the burning methods resulted in increased recrystallisation to calcite 
compared to the 5-minute samples. The heated samples, on the other hand, show minor 
differences between duration and temperature with all samples between 87-97% indicating 
little differentiation between these variables. ANOVA 2-factor without replication statistical 
analysis show that the variance between the two durations in the coals (F=7.98, df=1, p=0.04), 
flame (F=10.74, df=1, p=0.03), and 400°C (F=32.74, df=1, p=0.00) are statistically significant. 
The 600°C durations results, however, are not significant (p¹<0.05). Comparing both the 
burnt and heated 5-minute results show that the different method types are statistically 
significant (F=5.24, df=3, p=0.01), whereas the burnt and heated 10-minute methods are not 
(p¹<0.05).  
 Overall Results for T. granosa 
XRD results coupled with the macro and micro-structural results show that the 
margins are affected more than the body and umbo locations. This is seen by greater 
recrystallisation at the margin at lower temperatures and durations, whilst body and umbo 
locations recrystallise at higher temperatures and durations. The cross-lamellar 
microstructure reorganizes to larger, blocky units at 600°C temperatures and after 10-minute 
duration. Calcite units are seen on all heated and burnt samples. Needle aragonite units are 
seen in various degrees in all heated samples apart from 600°C at 10-minutes. However, with 
burning, aragonite needles are only visible on the coal method samples. This suggests a 
specific range of temperature and duration where aragonite needles form.  
The lack of oxidisation in the heating methods advances the recrystallisation process 
with results indicating greater discolouration, fracturing, microstructural homogenisation, 
and calcite recrystallisation compared to the burning method. There is a clear difference in 
the effects of burning and heating methods despite similar temperatures in the 5-minute 
durations. However, 10-minute samples become more similar mineralogically regardless of 
method or temperature. Greater differences in the 10-minute samples are seen through 
visual analysis rather than mineralogically.  
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ii. Geloina expansa 
 Burning 
a. Macro 
On the exterior surface there is thermal fracturing, seen by hairline fractures, whilst the 
interior surface shows scattered delamination (appendix B). The periostracum has been 
turned black through burning, however the higher temperatures methods have turned the 
periostracum a black/grey colour. Fracture lines run along the x axis growth lines on the 
interior surface for heated samples.  
 
b. Dinolite 
Sectional Dinolite images show the distinct sub-layers of Geloina expansa. The prismatic 
pallial myostracum appears as a clear darkened central sub-layer with the white outer finely 
cross-lamellar microstructure above and the inner complex cross-lamellar microstructure 
below (figure 3.26). Micro-fracture lines are scattered throughout the exterior and interior 
surface, blistering is seen on the exterior surface, and delamination on the organic interior 
layer. 
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c. SEM 
There are similar structural changes in the cross-lamellar structure of Geloina expansa 
compared to T. granosa. Variation in shape with rounding and melding of aragonite 
aggregates are occurring at different temperatures and durations (figure 3.27) with overall 
changes occurring sooner in G. expansa than T. granosa. The fourth and third-order lamella 
become increasingly more rounded with temperature and duration. Aragonite needles are 
only found in the flame method samples along with nanoscale holes on tablet surfaces. 
Amorphous melding of the second and first-order lamella occur in both flame durations, as 
well as the coals 10-minute sample. This structural change into a more amorphous-like 
microstructure is most likely linked to the phase change to calcite. A fragmented organic sheet 
can be seen covering the cross-lamellar structure in the coals 5-minute (margin x axis) 
micrograph.
Figure 3-26: GE03 Flames 5 mins, Top left)) x45 centre layer, right) x60 exterior flaking and patch 
thermally blown off, Bottom left) x63 central layer showing darkened middle layer, right) x58 hinge with 
hair line fractures 
1mm 
1mm 
1mm 
1mm 
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Figure 3-27: Geloina expansa SEM images after burning experiments. a4) crack in structure, b1) directional lamella alternating, c2) block-like amorphized structure, c3) 
aragonite needles, d2) nanoscale holes on surface, d3) scattered aragonite needles. 
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 Heating 
a. Macro 
Thermal fracturing is focussed on the exterior body with fracture lines and missing 
fragments of the exterior prismatic layer (appendix B). Fracture lines are only visible on the 
exterior surface for the 400°C methods, however fracturing is seen on both the exterior and 
interior surfaces for the 600°C methods. The periostracum is blackened for the 400°C method 
but greyed and nearly completely removed for the 600°C method. The interior organic 
surface is brownish and flaking for the lower temperatures, however for the higher 
temperatures this is removed to reveal the grey/white shell underneath. Overall structural 
integrity is weaker in the 600°C method samples, which is seen by the greater thermal 
fracturing and ease through which the shell is broken. 
 
b. Dinolite 
Sectional Dinolite images of 400°C 5-minutes and 600°C 10-minutes show the distinct 
cross-lamellar sub-layers of Geloina expansa (figure 3.28). Delamination of the cross-lamellar 
layers are seen in the section micrographs along with distinct discolouration of interior and 
Figure 3-28: Top - GE21 400°C 5 minutes left) section with delaminating layers, right) 
discolouration on interior surface, Bottom - GE27 600°C 10 minutes left) section with 
discolouration of cross-lamellar layers, right) fracturing on interior surface 
1mm 
1mm 
1mm 
1mm 
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exterior surfaces. The 600°C samples show darker colouration and thermal fracturing of the 
interior and exterior surface than the 400°C samples. Blistering is seen on the exterior surface 
along with the blackened periostracum which is disintegrating. 
 
c. SEM 
Aragonite needles are seen in the 400°C 5-minute sample with the body location having 
a greater density of needles compared to the margin (figure 3.29). The fourth and third order 
lamellae from the 400°C heating methods are gradually rounding with rods becoming less 
individual with duration. The y axis micrographs show random fracturing of the first and 
second-order lamellae. 
The microstructure from the 600°C method, on the other hand, show the fourth order 
lamellae rounded and combining together into the third order rods which are in turn melding 
into one another in the x axis section. Nano-scale holes on tablet surfaces and random 
fracturing of the first and second order lamellae also show the beginnings of a morphological 
change to a solid amorphous microstructure on the y axis micrographs. This change is nearly 
completed on the 10-minute duration sample where only occasional directional first-order 
lamellae can be seen on the x axis. Microstructural changes are consistent through the various 
locations of the shell for each method.  
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Figure 3-29: Geloina expansa SEM images after heating experiments. a1/a3) showing aragonite needles, b1) rounded 3rd order lamella, b2) amorphous 
structure with nanoscale holes, c1) cross-lamellar structure alternating, c2/c3) amorphous structure with nanoscale holes, c4) cracks, d2/d5) block-like 
amorphous structure with nanoscale holes. 
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 Colour and Dimensions 
The change of exterior surface colouration ranges from pale olive to darker olive, 
brown, black, and greys. The interior surface however ranges from white to pale brown, light 
grey, grey, back to white. Colouration of both the interior and exterior surfaces are similar 
between temperatures (table 3.3).  
 
Table 3-3: Geloina expansa interior and exterior surface Munsell colourations 
Method 
Geloina expansa 
exterior 
Munsell 
Geloina expansa 
interior 
Munsell 
Control Pale olive 5Y 6/4 White N9 
Coals 5 mins 
Very dark greyish 
brown/dark olive brown 
2.5Y 8/3 Pale brown 1.5Y 3/3 
Coals 10 mins 
Dark yellowish 
brown/very dark greyish 
brown 
10YR 8/3 Very pale brown 10YR 3/6 
Flames 5 mins Grey Gley 1 3/N Very dark grey 2.5Y 6/1 
Flames 10 mins Light grey 2.5Y 6/1 Grey 2.5Y 7/2 
400 °C 5 mins Black 2.5Y 2.5/1 Brown 10YR 4/3 
400 °C 10 mins Brown 10YR 5/1 
Very pale brown/pale 
brown 
10YR 7/3 
600° C 5 mins Very dark grey Gley 1 3/N Grey 2.5Y 6/1 
600 °C 10 mins Grey 10YR 5/1 Grey 10YR 6/1 
 
Metric measurements taken before and after the experiment show interesting results 
(figure 3.30). A paired t-test shows that the initial and final weight (t=5.67, df=15, p=2.19) are 
not statistically significant, however length (t=-3.92, df=15, p=0.00), and width (t=-4.42, 
df=15, p=0.00) are. The difference in weight, length and width were calculated from their 
subsequent initial and final measurements; with weight decreasing, and length and width 
increasing. Width has the greatest spread of results, whilst the weight results are narrow 
(figure 3.31). 
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ANOVA two-factor without replication shows that the differences in weight, length 
and width are statistically significant from one another (F=7.86, df=2, p=0.00), however 
metrics between different methods are not statistically significant overall (F=5.16, df=15, 
p=6.59). The different methods are statistically significant when comparing the burning 
methods (F=5.74, df=2, p=0.01), as well as the overall duration methods of 5 minutes (F=4.25, 
df=7, p=0.01) and 10 minutes (F=5.29, df=7, p=0.00). The difference in metric results from the 
cooler temperature methods (coals and 400°C) are not statistically significant (F=2.51, df=7, 
p=0.06), however, the hotter temperature methods (flame and 600°C) are significant (F=6.08, 
df=7, p=0.00). This shows that hotter temperatures create significant metric differences 
between method types (burning or heating) or duration (5 or 10 minutes).  
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Figure 3-30: Changes in weight, length, and width after thermal experiments on Geloina expansa 
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 XRD results 
Calcite percentages taken from each location show that the coals method samples 
(GE06 and GE07) are variable between locations (figure 3.32). Combined percentages (figure 
3.33) show that the majority of aragonite has recrystallised to calcite within the lowest 
temperature and duration method (coals 5 minutes) with complete recrystallisation at the 
higher temperatures and durations.  
Statistical analyses reveal that comparison of overall results (F=50.38, df=8, p=5.72); 
as well as method types – burning (F=0.59, df=4,  p=0.67) and heating (, F=1.50, df=4p=0.26);  
and temperature - 400°C (F=2.61, df=3, p=0.09) and 600°C (F=3.03, df=3, p=0.07), are not 
statistically significant (p¹<0.05). Duration, on the other hand, shows a different trend. The 
calcite percentage from the 5- and 10-minute durations were compared over the four 
methods/temperatures and show that these results are statistically significant (5 minute: 
F=3.98, df=3, p=0.03; 10 minutes: F=4.55, df=3, p=0.02). This rejects the null hypothesis: there 
are no differing effects on the shell based upon different method-type or temperature, thus 
showing that different thermal methods alter the mineralogical composition in specific ways, 
with distinct changes in recrystallisation that increases with temperature and duration.  
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Figure 3-31: Box/jitter plot showing range in weight (g), length (cm), and width 
(cm) gained/lost for G. expansa after temperature experiments. 
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Figure 3-32: Geloina expansa calcite percentages from each location for each method 
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Figure 3-33: Combined location % of Geloina expansa calcite percentage from each method. Coals (5 and 
10mins), Flames (5 and 10mins), 400°C (5 and 10 mins), 600°C (5 and 10 mins). 
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 Overall results for G. expansa 
The microstructural changes in Geloina expansa appear to incrementally increase in line 
with increasing temperature and duration in burning and heating methods, with an overlap 
during the Flame and 400°C methods. The Flame 5- and 10-minute methods are very similar 
to the 400°C 5-minute method, both structurally and mineralogically. Geloina expansa 
appears to have a fast morphing phase from aragonite to calcite, which is seen by the calcite 
percentages from the low temperature and duration methods. There are distinct differences 
between temperature and method-type in both 5- and 10-minute durations seen through the 
variations in calcite percentages and rounding of cross-lamellar structures. 
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iii. Saccostrea glomerata 
 Burning 
a. Macro photographs 
Macro photographs show changes in colour and structural integrity (appendix C) of S. 
glomerata surfaces. Thermal fracturing is only seen on the Flame 10 minutes umbo sample. 
Delamination of interior surface is minimal on coal samples, however on the Flame samples 
flaking is scattered throughout the interior surface, primarily focussed on the body. 
Colouration is similar between the two coal durations (brown), as well as the two flame 
durations (grey) although different when comparing the two methods.  
 
b. Dinolite photographs 
Hairline fractures and splitting around the margin and interior surface increase with 
temperature and duration (figure 3.34). The white chalky layer fractures with increasing 
irregularity, whereas the foliate laths follow the horizontal sheets when fracturing. The folia 
change from yellow to grey with increasing temperature and duration, whilst the chalky layer 
remains white but loses structural integrity.  
 
Figure 3-34: Top: Flames 5 mins. Cracking on interior margin (left), and clear discolouration 
between folia and chalky layers. Bottom: Flames 10 minutes. Cracking and thermal fracture on 
interior surface (left), distinct colouration differences between folia and chalky layers (right) 
1mm 
1mm 1mm 
1mm 
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c. SEM 
Nanoscale holes are only seen on the flame method samples in both the foliate and 
chalky layers (figure 3.35). There is an overall reduction of the angular features in the chalky 
layer with the blades and leaflets melding together in the flame 10-minute sample. Individual 
folia laths are seen in the coal methods; however, the edges begin to meld into one another, 
this is especially seen in the 10-minute micrographs (figure 3.35). This rounding and 
homogenisation of lathes increases with the flame 5-minute method, nevertheless, the 
structure can still be discerned. The lathes become completely amorphous and morph into 
larger block-like units in the flame 10-minute sample, with fracture paths more arbitrary on 
the y axis. The chalky layer shows rounding of blades and leaflets for all methods with some 
minor melding occurring on the flames 10-minute sample. 
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Figure 3-35: Saccostrea SEM images after burning experiments. a1 blades and leaflets unchanged, b2 and b3 Folia beginning to meld together, c1 direction of folia 
laths, c3 amorphized folia with nanoscale holes, c5 rounding of folia and chalky units, d3 block-like amorphous structure with nanoscale holes, d4 melding of 
blades and leaflets in chalky layer. 
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 Heating 
a. Macro photographs 
Changes in colouration and structural integrity on the interior and exterior surfaces are 
similar to the burnt samples, however colouration appears darker for the 400°C method 
(appendix C) compared to the coals method. For both 400 and 600°C samples the interior 
margin edges are lighter in colour compared to the body, which is also similar to the burnt 
samples. This difference in colouration can be attributed to the thin layering on the margin. 
Interior surface flaking is seen with greater intensity in the 600°C samples (appendix C), 
however, differences between the 5- and 10-minute durations are minimal. The 400°C 
samples on the other hand, show greater darkening in colour on both interior and exterior 
surfaces as well as flaking on the interior for the 10-minute sample. No thermal fracturing has 
occurred on any of the heated samples. 
 
b. Dinolite photographs 
Thermal influences on the microstructure of Saccostrea glomerata show the original 
near-translucent foliate structure changing to yellow then grey with greater temperature and 
duration. On the other hand, the white coloured chalky layer remains white regardless of 
Figure 3-36: S. glomerata section SG21 x50, Muffle furnace 400°C 5 minutes. White chalky 
layers between yellow foliate layers. Scale bar shows 1 mm. 
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burning and heating, however structural integrity is compromised, and these layers become 
softer and more pliable (figure 3.36). 
 
c. SEM 
The SEM micrographs (figure 3.37) show little difference between the body and umbo 
for any of the temperatures or durations, however the margin has greater thermal 
modifications. There are visible differences in the foliate layers, which initially become more 
amorphized with rounded subunits (400°C 5-minutes). This then morphs into larger 
amorphized block-like units with nanoscale holes/bubbles on tablet surfaces, which are seen 
in the 400°C 10-minute margin, as well as throughout the 600°C samples. Folia laths are still 
quite angular and individual at lower temperatures and durations with cleaner fracturing 
along the x axis rather than the y axis. The foliate layers of the heated samples are more 
amorphized than the burnt samples. 
Changes in the chalky layers are gradual with some slight rounding of the edges in the 
400°C methods, which increases in the 600°C 5-minute sample. This rounding is accentuated 
in the 600°C 10-minute sample along with melding of the blades and leaflets.  
 81 
Figure 3-37: Saccostrea SEM images after heating experiments. a1) melding of folia, a4) melded folia into amorphous block-like structure, a5) blades and leaflets show some 
melding, b1) amorphous foliate structure, b5) fine calcite threads, c45) amorphous block-like structure from melded folia, d1/2) folia structure lost and morphed in amorphous 
structure, d3) larger melding into block-like amorphous structure, d4) nanoscale holes on surface of amorphous structure, d5) melded chalky layer. 
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 Colouration and Measurements 
Munsell colour changes on the interior and exterior surfaces show darkening for lower 
temperature methods where organics are still present (table 3.4). The high temperature 
methods show complete organic removal with both the interior and exterior altering to 
grey/white colouration. Colouration between burning and heating are similar between 
temperatures and durations. 
 
Table 3-4: Saccostrea glomerata exterior and interior Munsell colourations 
Method 
Saccostrea glomerata 
interior 
Munsell 
Saccostrea glomerata 
exterior 
Munsell 
Unmodified control Pale yellow 2.5Y 9/2 Olive grey 5Y 5/2 
Coals 5 mins Very pale yellow 2.5Y 9/2 Pale brown 10YR 6/3 
Coals 10 mins Very pale yellow/white 2.5Y 9/2 Pale brown/white 2.5Y 8/2 
Flames 5 mins White/grey Gley 1 8/N Grey Gley 1 6/N 
Flames 10 mins Brown/white Gley 1 8/N Light grey/white 2.5Y 7/1 
400 °C 5 mins Yellowish brown 10YR 5/8 Pale brown/brown 10YR 5/3 
400 °C 10 mins Brown/very pale 
brown 
10YR 5/3 Light grey/light 
brownish grey 
10YR 6/2 
600 °C 5 mins Light grey 2.5Y 7/1 White 2.5Y 8/1 
600 °C 10 mins Light grey 2.5Y 6/1 Light grey/white 2.5Y 7/1 
 
Changes in the weight, length, and width of the shells are variable between methods (figure 
3.38). Statistical analyses reveal that the initial and final weight (t=4.14, df=15, p=0.00) and 
width (t=-2.69, df=15, p=0.00) are significant, however length (t=-1.70, df=15, p=0.05) is not 
significant. The difference calculated between the initial and final weight, length, and width 
show significant differences between the metric types (F=10.87, df=2, p=0.00) as well as each 
of the methods (F=3.35, df=15, p=0.00). This demonstrates that the different burning and 
heating methods impact oyster shell differently (figure 3.39). Closer examination of specific 
shell samples from the same method/durations show that they are inconsistent with one 
another, which suggests high variability within this shell type. 
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Figure 3-38: Difference in weight, length, and width after thermal experiment 
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Figure 3-39: Box/jitter plot showing range of weight (g), length (cm), width (cm) 
gained/lost for S. glomerata after thermal experiment. 
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 Overall results for Saccostrea glomerata 
Overall results show that S. glomerata responds to the array of thermal influences quite 
variably with regards to metrics, however macro and micro analyses show a similar pattern 
of transformation in both burning and heating. Both the foliate and chalky layers lose their 
structure with increased temperature and duration, with heated samples showing advanced 
morphing compared to the subsequent burnt samples. The foliate microstructure morphs 
from individual angular laths to rounded laths that begin to meld together, which further 
morphs into amorphous block-like units. The chalky microstructure has a gradual shift in 
morphology, beginning with rounding of edges then minor melding of blades and leaflets until 
complete amalgamation at the highest temperature and duration for burning and heating.
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iv. Pinctada maxima 
 Burning 
a. Macro 
Colouration and structural integrity vary between temperatures and durations. 
The nacreous interior surface loses iridescence as it deepens in a yellow colouration. This is 
completely lost during the flame method where the interior surface is blackened (5 minutes) 
and greyed (10 minutes). Large portions of the prismatic margins are lost in the flame method 
whereas the coals method sample retain their margins (appendix D). Delamination on the 
interior and thermal fracturing on the exterior surfaces are only seen on the flame samples 
(appendix D).  
 
b. Dinolite 
The nacreous sheet layers and the prismatic layers become incredibly distinct with 
thermal exposure (figure 3.40-41). Sections of the coals 5-minute samples (figure 3.40) are 
substantially lighter in colour compared to the flames 5- and 10-minute samples (figure 3.41). 
Delamination of the nacreous layer is seen in all of the samples. 
 
 
 
Figure 3-40: PM05 nacreous structure delaminating and with yellow tinge (left) and PM08 exterior 
prismatic layer with discolouration (right). Scales show 1 mm. 
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c. SEM 
There is no discernible difference between the modern sample and either the prismatic 
or nacreous structure for the coal 5-minute sample; with the rectangular horizontal organic 
lathes covering the prismatic structures and angular nacre tablets remaining (figure 3.42-a1). 
The coals 10-minute sample has altered, however, with the partial loss of the organic 
covering, which has left a honeycomb-like tendril covering around the prisms. This sample 
also has numerous cracks on the prismatic structures and slight rounding of the nacre tablet 
edges. 
The organic matrix encasing the prismatic columns is distinct in the coal methods, 
however it lessens in the flame method sample (figure 3.42). A jigsaw-like organic layering 
covers the prismatic structures on the flame 5-minute sample (figure 3.42-c4); which also has 
minor cracks, as well as nanoscale holes on the surface of irregular nacre tablets, and 
aragonite needles. The flames 10-minute sample also has honeycomb-like tendrils around the 
prismatic structures, along with nanoscale holes on the surface of irregular nacre tablets. The 
nacre tablets are fracturing in larger irregular sheets in the Flame 10-minute method rather 
than in rectangular tablets with the other methods.  
 
 
Figure 3-41: PM01 exterior prismatic layer darkened (left) and PM04 nacreous layer delaminating with 
yellow tinge (top right), and darkened prismatic layer (bottom right). Scale bars show 1 mm. 
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Figure 3-42: Pinctada maxima SEM images after burning experiments. a2) jigsaw-like pattern of remaining organic layering on prisms, a2/5) slight rounding of nacre tablet edges, b2) 
fracturing of sheet nacre becoming random, b3) tendril-like and jig-saw-like patterns of organic layering remaining on prisms, b5) cracks in prisms, c1) rounding of nacre tablets, c4) 
scattered patches of organic layering left on prisms, d2/3) patches of organic layering left on prisms, d5) nacre tablets with rounded edges and random fracturing of sheets. 
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 Heating 
a. Macro photographs 
Fracture lines are seen on the exterior surface of 400°C 5-minute sample and there is 
little colour difference on either the exterior or interior surface (appendix D). There is thermal 
fracturing and loss of the exterior prismatic layer around the margins on the 400°C 10-minute 
sample, along with the interior surface darkening somewhat, however the nacreous lustre is 
still present (appendix D). The 600°C method shows major thermal fracturing, loss 
(disintegration) of the exterior prismatic layer, and disappearance of the interior nacreous 
lustre. The structural integrity of the 600°C 10-minute sample has weakened considerably 
with fragmented margin pieces turning into fine needles and white powder. 
 
b. Dinolite photographs 
Like the burning method, samples heated at higher temperatures had greater alterations 
in the structure and colour at microscopic levers. Figure 3.43 shows the minor changes in the 
400°C 5-minute sample compared to the longer duration (10-minute) and higher temperature 
Figure 3-43: Left) PM09 exterior and interior layers showing minor alterations x50, Top right) PM12 Exterior 
and interior layers showing distinct delamination and discolouration x50, Bottom right) PM16 Nacreous sheet 
layers delaminating x35. Scale bars show 1 mm. 
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(600°C 5-minute) samples. Greater discolouration and delamination of both the nacreous and 
prismatic layer can also be seen (figure 3.43). 
 
c. SEM 
Changes in the interior nacreous and exterior prismatic layers are seen in each of the 
methods (figure 3.44). The 400°C 5-minute samples show the prisms covered in a jigsaw-like 
organic coating, whereas the nacre tablets have slight rounding of the edges. At 400°C 10-
minutes the organic coating on the prismatic structures decreases into a tendril-like covering, 
and there is greater rounding of nacre tablet edges. 
The higher temperature samples have cracks in the prisms with minimal organic coating 
seen as dots or spots scattered over the prisms. While the nacre tablets from 600°C 5 minutes 
have greater rounding of the edges and nanoscale holes on the tablet surface. At 600°C 10 
minutes there are numerous cracks and scattered spots of organic matrix on the prismatic 
structures and the nacre tablets are clumped and rounded with nanoscale holes on the 
surface.
 90 
Figure 3-44: SEM micrographs from heated samples. a1/3) organic layering covering majority of prism in jigsaw-like pattern,a3/5) nacre tablets  with edges rounding, b1/4) 
nacre tablets rounded and sheet fracture becoming more random, b2/5) organic layering over prisms disappearing to tendril-like pattern, c1/2) patches of organic layering on 
prisms left, c3) nacre tablets with slightly rounded edges, d3) prisms with scattered dots of organic layering left, d4) nacre tablets completely rounded, d5) thin wisps of 
aragonite needs between nacre tablets at umbo. 
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 Colouration and Measurements 
There is a tinge of yellowish brown on the exterior surface for cooler temperatures, 
whereas for higher temperatures colouration is browner and blacker (table 3.5). The interior 
surface remains white for coals 5 minutes, however, the hue and chroma are different. Higher 
temperatures lose the nacreous lustre and become grey/black whilst the cooler temperature 
methods retain the lustre along with some yellow/brown colouration.  
 
Table 3-5: Pinctada maxima exterior and interior surface Munsell colourations 
Method 
Pinctada maxima 
Interior 
Munsell 
Pinctada maxima 
exterior 
Munsell 
Unmodified 
control 
White N8 Light yellowish brown 10YR 6/4 
Coals 5 mins White 2.5Y 9.5 Yellowish brown 10YR 5/4 
Coals 10 mins Very pale yellow 10YR 8/3 Light yellowish brown 10YR 6/4 
Flames 5 mins Black 10YR 7/1 Brownish yellow 10YR 4/3 
Flames 10 mins Light grey Gley 1 2.5N Brownish yellow 10YR 4/3 
400 °C 5 mins Pale yellow 2.5Y 8.5/2 Light brownish grey 2.5Y 7/2 
400 °C 10 mins Very pale brown 10YR 8/3 Dark yellowish brown 10YR 3/2 
600 °C 5 mins Black 10YR 2/1 Very dark greyish brown 10YR 3/2 
600 °C 10 mins Grey 10YR 6/1 Black 2.5Y 2.5/1 
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The hotter temperature methods caused the margins to weaken and fragment away 
which contributed to the large loss in metrics for these particular samples (figure 3.45). A 
comparative paired t-test on the initial and final weight (t=4.22, df=15, p=0.00), length 
(t=2.52, df=15, p=0.01), and width (t=1.03, df=15, p=0.16) show that only weight and length 
are statistically significant. The results for the difference in each metric (F=3.89, df=2, p=0.03), 
as well as the different methods and durations (F=2.71, df=15, p=0.01) are statistically 
significant (ANOVA 2-factor). This shows that the different temperatures, durations and 
method types are distinct variables that affect metric results. 
 
 XRD Results 
An interesting pattern is seen between interior (aragonitic nacre) and exterior 
(calcitic prismatic) locations which show similar calcite percentages despite method type. 
Peaks in calcite are seen in the exterior subsample locations whilst valleys occur for the 
interior subsamples (figure 3.46). This only alters with the 600°C method where all locations 
significantly increase in calcite. The margin interior and umbo interestingly decrease in 
calcite compared to the modern sample and only increase with the 600°C method. The 
higher temperatures from the flame and 600°C methods show greater calcite percentages 
compared to the cooler coals and 400°C methods. This suggests that recrystallisation occurs 
at higher temperatures for Pinctada maxima. 
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Figure 3-45: Changes in metrics after thermal experiments, showing loss and gain in 
weight, length and width.  
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There is a similar decrease in calcite, compared to the modern results, with the lower 
temperature methods after averaging the results for each location from each method (figure 
3.47). The flame 5 minute (F5) and 600°C methods are higher in calcite compared to both the 
modern sample and the cooler temperature methods. The flame 10-minute (F10) margin 
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Figure 3-47: Pinctada maxima calcite percentages averaged from all locations 
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interior result is an outlier and skews the average calcite result. This margin interior result 
most likely occurred due to a lack of flames reaching the particular margin portion from which 
the subsample was taken from. Higher calcite percentages at the other four locations suggest 
that this was the case (table 3.6). Based on this, it is likely that the F10 average calcite 
percentage should be higher than is shown here. 
 
Table 3-6: Pinctada maxima Flame results, PM04 = 5 minutes, PM01 = 10 minutes. 
Shell Location Aragonite Calcite 
PM04 207 Margin interior 0.9 99.1 
PM04 208 Margin exterior 8 92 
PM04 209 Body interior 98.6 1.4 
PM04 210 Body exterior 3 96.9 
PM04 211 Umbo 99.1 0.9 
PM01 202 Margin interior 98.9 1.1 
PM01 203 Margin exterior 11.2 88.8 
PM01 204 Body interior 77.8 22.2 
PM01 205 Body exterior 6.1 93.9 
PM01 206 Umbo 79.1 20.9 
 
 
Statistical analysis (ANOVA 2-factor without replication) shows that differing 
durations (5 and 10 minutes) for each method created no significant statistical difference in 
the results (Coals (F=3.67, df=1, p=0.12), Flames (F=0.33, df=1, p=0.59), 400°C (F=0.02, df=1, 
p=0.87), 600°C (F=1.86, df=1, p=0.24)). Overall results from the location of the subsamples 
show no significant differences, however fundamental microstructural differences between 
the interior and exterior layers do highlight the greater ratio of aragonite originally in the 
nacreous interior layer, with the differences between methods being statistically significant 
(F=4.08, df=8, p=0.00). Overall, the results show that the lower temperature methods (coals 
and 400°C) decrease the calcite percentage, whereas the higher temperature methods (flame 
and 600°C) increase the calcite percentage.  
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 Overall Results for Pinctada maxima 
Macroscopic, microstructural, and mineralogical results show that the method of 
heating creates greater thermal alteration compared to burning, despite similar temperature 
and durations. The initial decrease in calcite in the interior nacreous layer for lower 
temperature methods may be associated with the organic matrix, however, further studies 
need to be undertaken. Pinctada maxima shows minor thermal alteration in the lower 
temperature methods, nevertheless, once higher temperature is reached the structural 
integrity weakens. This is particularly the case with the exterior prismatic layer, which 
disintegrates in the muffle furnace at 600°C 10 minutes. Nevertheless, there is a distinct 
progression of structural breakdown for both the interior and exterior layers (table 3.7). 
 
Table 3-7: Progression of structural changes from thermal alteration on Pinctada maxima 
Prismatic layer Organic layering slowly “crumbles” away, from 
laths jigsaw, to honey-comb tendrils to scattered 
spots, cracks in prisms,  
Sheet Nacre Rounding of tablet edges that increases with 
duration and temperature, nanoscale holes on 
tablet surfaces, complete rounding with smaller 
clumping within tablets. 
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v. Turbo setosus 
 Burning 
a. Macro photographs 
Burning with the coal method at both 5- and 10-minutes causes thermal fracturing, seen 
by the missing fragments of the exterior layer, and fracture lines and flaking of the interior 
nacre surface (appendix E). The 10-minute duration samples have greater thermal fracturing 
compared to samples that underwent 5-minute durations. Both the 5- and 10-minute 
duration for the flame method have even greater thermal fracturing than the coal method 
(appendix E) The majority of the exterior prismatic layer has fractured off and part of the 
aperture and body from the 10-minute sample has turned to white powder (calcium oxide). 
The flame method samples are more fragile than the coal method samples.  
 
b. Dinolite photographs 
The extreme structural disintegration of the exterior prismatic layer is even more 
distinctive through Dinolite imaging. Thermal fracturing and delamination of the layers can 
be seen in both the coals and flames method samples (figures 3.48-49). Fracture lines are 
distinct in the exterior prismatic layers for coals 5 and 10-minute methods, along with large 
portions of the prismatic layer missing due to disintegration (figure 3.48-49). The flames 10-
minute method resulted in the prismatic layer turning to calcium oxide and disintegrating fine 
white powder (figure 3.49).  
 
Figure 3-48: Left) TU05 exposed nacreous layer under exterior prismatic, right top) TU07 prismatic 
layer, bottom right) TU07 thermal fracture and delamination of nacreous layer. Scale bars show 1 
mm 
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The interior nacreous layer is also seen delaminating and losing structural integrity at higher 
temperatures and longer durations. A distinct grey colour is seen for all the samples that 
underwent burning. 
 
c. SEM 
The coals 5 minutes prismatic and nacre structures remain similar to the modern sample, 
with the only transformation seen being aragonite needles that are present on the surface of 
the exterior layer (figure 3.50). For coals 10 minutes, the nacre tablet edges show some 
rounding with nanoscale holes on the surface of tablets. Aragonite needles are seen scattered 
in both the nacre and prismatic layers. The prismatic structure is still seen, however cracks 
run through each of the prisms. The flames 5-minute samples show nacre tablets with 
rounded edges whilst also melding together. This melding is also seen in the prisms where 
the numerous small spherical granules have lost individual distinction and morphed into 
larger aggregations. Cracks are also seen running through the prisms. The nacre tablets have 
completely melded together to form solid blocks that fracture randomly in the flames 10-
minute samples, whilst the prism structure is lost and morphed into an amorphous structure 
made of aggregation of spherical granules.  
 
Figure 3-49: Left top) TU02 exterior prismatic, left bottom) TU02 nacreous layer, Right) TU04 prismatic 
layer turned to white powder. Scale bars show 1 mm. 
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Figure 3-50: Turbo setosus SEM images after burning experiments. a1) nacre columns fragmenting into tablets and distinctive spherical granules seen on prisms, a3) 
individual prism structures, b1/2) aragonite needles primarily seen between prisms but also nacre tablets (b1), b3) individual prisms becoming less distinct, c2) prisms melded 
together into block-like amorphous structure with nanoscale holes on surface,c3) melding of prisms, c4) spherical granules on prisms melding together, d2/3/4) block-like 
amorphous structure with nanoscale holes. 
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 Heating 
a. Macro photographs 
All the heated samples show an even distribution of heating in terms of colouration. The 
lower temperature (400°C) samples are brown/brown-grey (appendix E) whereas the 600°C 
samples have turned to a grey/white colour (appendix E). Thermal fracture of the exterior 
prismatic layer is concentrated on the body for all methods with some spread to the aperture 
and apex seen on the 600°C samples. The interior nacre layer has lost the nacreous shine and 
shows increase flaking with increase temperature and duration. 
 
b. Dinolite photographs 
Unlike the burnt samples of Turbo setosus., the heated shell samples show even 
discolouration for both exterior and interior layers, as well as less variability between 
methods (figure 3.51). There is greater discolouration, delamination, and thermal fracture at 
higher temperatures and longer durations for heating, however, these samples retain overall 
structural integrity and do not turn into fine white powder like TU04 (figure 3.49). 
 
 
Figure 3-51: Top Left) TU21 Exterior and interior layers, right) TU23 interior nacreous layer. Bottom 
Left) TU21 Exterior and interior layers, right) TU23 interior nacreous layer. Scale bars show 1 mm. 
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c. SEM 
The heated samples show little variation between the margin/aperture and the apex 
locations; however, the body locations are less thermally influenced in comparison to the lip 
and apex, which is most likely due to the body’s thicker shell layering (figure 3.52). At 400°C 
5-minutes the nacre tablets have slight rounding and a few nanoscale holes, whilst the 
prismatic structures have cracks and numerous aragonite needles. The 400°C 10-minute 
sample shows irregular rounded nacre tablets with nanoscale holes, and prisms with 
numerous cracks and flattening of the overall structure. 
The higher temperature methods of 600°C show rounding of nacre tablet edges, with the 
5-minute sample showing parts of tablets melding together with scattered nanoscale holes, 
and the 10-minute samples showing complete melding of the nacre tablets into a solid block-
like structure. At 5-minutes there is a loss of the prismatic structure and a change into 
aggregations of spherical granules with a few scattered depressions. These depressions, 
which appear to “eat” away at the granules, become abundant in the 10-minute sample. 
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Figure 3-52: Turbo setosus SEM images after heating experiments. a2) upper prismatic layer with aragonite needles, a3) lower nacreous layer with rounding of edges, a5) prismatic 
prisms melding together, b1/2) prismatic prisms melded together, b3) cracks in prisms, b5) nacre tablet edges rounding, c1) nacre tablets losing sheet structure, c3) prisms with 
numerous cracks, c5) complete melding of prisms into amorphous structure, d1) amorphous exterior layer, d2) rounded and clumped nacre tablets, d3) aragonite needles in between 
nacre tablets, d4) melding of prisms into amorphous structure 
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 Colouration and Measurements 
Interior colour changes from very pale yellow to grey then brown, then white with 
nacreous lustre being lost in all samples (table 3.8). The exterior surface changes from pale 
brown to darker browns, then light to dark greys. 
 
Table 3-8: Turbo setosus interior and exterior surface Munsell colourations 
Method 
Turbo setosus 
Interior 
Munsell Turbo setosus exterior Munsell 
Unmodified 
control 
Very pale yellow 2.5Y 9/2 Pale brown 2.5Y 7/4 
Coals 5 mins Grey 10YR 6/1 Yellowish brown 10YR 5/4 
Coals 10 mins Grey Gley 1 5/N Light grey Gley 1 7/N 
Flames 5 mins Grey Gley 1 6/N Very dark grey Gley 1 3/N 
Flames 10 mins White White N 9.5 Grey Gley 1 6/N 
400 °C 5 mins Very pale brown 10YR 7/3 Brown 10YR 5/3 
400 °C 10 mins White 2.5Y 8/1 Grey Gley 1 6/N 
600 °C 5 mins White N9 Grey 2.5Y 6/2 
600 °C 10 mins White N9 Green greyish 5/10Y 
 
Paired t-test statistical analysis on the initial and final results for length (F=-3.84, 
df=15, p=0.00), width (F=-2.97, df=15, p=0.00) and weight (F=3.52, df=15, p=0.00) show that 
the changes in metrics are statistically significant. We can see in figure 3.53 that the changes 
in metric values from heated samples are less variable than the burnt samples, which suggests 
heating is a more stable method than burning. ANOVA 2-factor without replication shows that 
the variance in the difference between the initial and final measurements in each of the three 
metrics is not statistically significant (F=0.86, df=2, p=0.42). The loss of portions of the exterior 
layer and the aperture lip due to thermal fracture on many of the shells may have contributed 
to the variance in data between each method, which can be seen in the outliers (figure 3.54).  
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 XRD Results 
Modern XRD samples of the interior and exterior layers show that the shell is primarily 
made up of aragonite for all locations. This shifts with thermal influence with the exterior 
prismatic layers morphing to calcite more easily than the nacreous interior (figure 3.55). Both 
the coal and 400°C 5-minute samples have similar calcite percentages and only differ on the 
body exterior and umbo locations. All other temperatures and durations have calcite 
percentages between 90-100%. Statistically (ANOVA 2-factor without replication) there is no 
significant difference between each of the five locations (F=1.59, df=4, p=0.20).  
 
 
In terms of calcite percentage, the different heating temperatures and durations are 
significantly different (F=5.82, df=3, p=0.01) from one another, however, the burning 
methods are not. The variance between all the 5-minute duration methods are significant 
(F=9.98, df=3, p=0.00), as well as all the 10-minute duration methods (F=9.71, df=3, p=0.00). 
A combination of the five location results into individual method samples shows that near 
total recrystallisation of the entire Turbo setosus shell occurs around 600 °C (figure 3.56), 
whereas at lower temperatures (coals and 400°C) the recrystallisation process is still 
occurring, with variation based on duration and method-type (F=9.93, df=3, p=0.00). This is 
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seen with the 10-minute coals and 400°C shells reaching similar calcite percentages as the 
higher temperature methods. Here we see the importance of duration, particularly with the 
lower temperature methods. This is seen again with the different durations between coal 
methods being statistically significant (F=19.95, df=1, p=0.01).  
 
 
 Overall results for Turbo setosus 
Overall macro results from T. setosus show that burning is more destructive in terms 
of thermal fracture and loss of shell compared to the more stable heating method. SEM 
analysis shows that the thermal process/breakdown of the microstructures are more 
advanced in the heating method compared to burning. In terms of aragonite to calcite 
recrystallisation, duration is a key variable when examining the overall methods, and the 
cooler temperature methods (coals and 400°C) show the greatest variability. This suggests 
that Turbo setosus burnt at different temperatures and durations will result in variable states, 
whereas the heating method is less variable with a consistent progression of thermal 
alteration. Nevertheless, there is a distinct progression of structural changes seen for both 
the exterior prismatic layer and the interior nacreous layer (table 3.9). 
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Figure 3-56: Turbo setosus average calcite percentages for each method (Modern, Coals, Fire, 
400°C and 600°C at 5- and 10-minute durations). 
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Table 3-9: Progression of structural changes for each layer of Turbo setosus after thermal alteration 
 
  
Prismatic Layer To begin aragonite needles form, followed by 
increasing cracks, melding of prisms and less 
distinction of spherical granules into aggregations 
until prism structure is lost and morphed into an 
amorphous structure. Finally, depressions in 
structure that “eat” away at surface. 
Columnar Nacre Aragonite needles are initially formed, then nacre 
tablets morph to have rounded edges followed by 
minor melding and scattered nanoscale holes. Finally, 
there is complete melding of tablets into a solid 
block-like structure with numerous nanoscale holes. 
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E. Discussion 
Examination of the combined results from each of the shell species reveals an array of 
interesting patterns that can be used to help identify and better understand thermally 
influenced archaeological shell material.  
One of the first aspects noted with each of the experimental shells was variability in the 
degree of thermal fracture and the effect on structural integrity on the macroscopic level. 
Tegillarca granosa has a greater cross-lamellar strength and can withstand greater thermal 
influences in comparison to Geloina expansa. This may be due to the relative additional 
thickness in Tegillarca granosa that creates a denser and more robust shell as compared to 
Geloina expansa. Also, the different sub-layers of the cross-lamellar microstructure in G. 
expansa separate from one another with thermal influences, which weakens the shell overall. 
Cross-lamellar fragmentation occurs along the x axis growth lines, with the margin 
separated from the body. In an archaeological context, we would expect cross-lamellar 
bivalve shell species to fragment along the x axis if exposed to high temperatures. This 
fragmentation pattern may be seen archaeologically with shell fragments separated into 
margins, body and umbo/hinge; however, other taphonomic processes would most likely 
exacerbate fragmentation rates due to the weakened structural integrity of the shell. Other 
processes may also cause similar fragmentation patterns, thus further experimental studies 
would need to be undertaken to assess equifinality.  
Saccostrea glomerata fragmentation is random and the shell tends to splinter rather than 
break along edges. Archaeologically, this fragmentation pattern would be difficult to 
distinguish from non-thermally altered shell, especially after edges have worn down from 
weathering or dissolution.  
Pinctada maxima is equally complex, however fragmentation patterns focus on the 
exterior layer splitting apart from the interior nacreous layer, primarily at the margins first as 
the nacreous layer is thinnest at this location. At 600°C structural integrity is entirely lost for 
the prismatic layer. Shells that have undergone lower temperature burning or heating would 
most likely preserve archaeologically, with the hinge/umbo remaining intact. The nacreous 
layer remains the strongest microstructure even after thermal influences, which may be one 
of the reasons this material is commonly worked (e.g. Trochidae spp. and Nautilus spp.) in the 
Pacific (Szabó 2010, 2017b).  
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Turbo setosus fragmentation is also variable between the prismatic and nacreous 
layers. The exterior prismatic layer is easily displaced from the interior nacreous layer, with 
breakage along the x axis growth lines. At higher temperatures both layers lose structural 
integrity and can disintegrate. Fragmented pieces of the prismatic layer are expected to be 
seen archaeologically, with the interior nacreous layer remaining largely intact. From this we 
can assume certain fragmentation and breakage patterns of particular shell species that are 
related to thermal influences. The preservation of fragmented thermally influenced shell will 
likely deteriorate with corresponding taphonomic processes such as acid dissolution, 
weathering and trampling. In addition to this, changes in colouration on both the exterior and 
interior surfaces for each of the shell species are similar between matching temperatures 
regardless of whether the shell was burnt or heated. The exterior surface provides a more 
structured gradation of colour compared to the interior surface. Higher temperatures leave 
grey/black or white colouration on the exterior surface, whereas lower temperatures can 
leave an array of yellow, olive, brown, or light grey colouration depending on the species. This 
shows that no single colour can be used to identify specific temperatures on archaeological 
shell material due to the range of shell species and microstructures. Nevertheless, we can 
separate colour changes into high and low temperature ranges for the exterior surface. Grey, 
dark grey, black or white are indicative of a high temperature range (600°C), whereas hues of 
yellow, olive, and brown indicate lower temperatures. Light grey, conversely, can also indicate 
a low temperature but for a longer duration, however light grey is also indicative of higher 
temperatures and can be placed in a middle range of thermal influences. The five species of 
shellfish used in this study show similar exterior colourations for the low, medium and high 
temperature ranges, therefore suggesting that these results can be extrapolated to other 
species with the same microstructure. 
The microstructural pattern of thermal progression is similar in both burning and 
heating methods; nevertheless, the heating pattern begins at a more advanced stage of 
progression in comparison to subsequent burning temperatures and/or durations. This can 
be attributed to two factors: 1) the stable heating conditions that the oven/furnace provided 
in contrast to the volatile burning methods, and 2) lack of oxidation in heating resulting in an 
accelerated rate of organic loss. 
Cross-lamellar structure progression begins with rounding of the third and fourth 
lamellae; the degree of which increases with temperature and duration. This is followed by 
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the loss of a clear first and second order lamellae due to a melding of individual lamella. The 
surfaces become uneven and rounded with nanoscale holes appearing on the y axis. 
Aragonite needles primarily appear on shorter duration samples. The cross-lamellar structure 
is then lost at higher temperatures and durations with the microstructure morphing to a solid 
amorphous structure with random fragmentation. The dual sub-layers of cross-lamellar 
microstructure cause greater weakening in Geloina expansa in comparison to Tegillarca 
granosa. The foliate microstructure shows rounding and melding into amorphized structures 
for both the folia and chalky layers in Saccostrea glomerata after burning and heating. 
Temperature and duration in heating caused quicker structural changes than the burning 
methods.  
The different prismatic layers on Pinctada maxima and Turbo setosus show how 
variable this structure can be due to the crystal morphology. The large calcite prismatic 
structure in Pinctada maxima has greater thermal resistance in comparison with the 
numerous smaller aragonite prismatic structures in Turbo setosus. The organic sheaths 
covering the prisms in Pinctada maxima play a role in protecting the structure from thermal 
alteration. The difference in thermal progression between sheet and columnar nacre also 
confirms the greater strength (Currey 1988) in the sheet nacre found in Pinctada maxima. 
Despite the changes in individual nacre tablet morphology in Pinctada maxima, the overall 
sheet structure remains, whereas, in Turbo setosus the individual tablets morph and 
homogenise together, thus losing the overall structure. 
The analysis of microstructural changes reveals that the temperature and duration 
zones for aragonite needle creation is highly variable between microstructural types as well 
as mollusc species. Higher temperatures and durations (particularly in heating) can result in 
a complete loss of aragonite, with recrystallisation to calcite and in some cases a further loss 
of calcite to calcium oxide. The progression of thermal alteration weakens the shell overall, 
which means that this loss of structural integrity has implications for shell preservation as well 
as fragmentation. 
The initial and final measurements of length and width show differences between 
species for the varying burning and heating methods (appendix F). The differences in length 
and width were calculated into the percentage of change for each of the 16 experimental 
samples. An average percentage of change was calculated from the two samples for each 
method (figure 3.57). The higher temperature methods were dismissed as these shells are 
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visually distinct as burnt or heated and would be separated during shell analysis. Assuming 
that the lower temperature shells also cannot be identified as burnt through colouration and 
thermal fracture, the difference in metric results can potentially impact biometric analyses. 
There is variation in percentage of change with each of the five species, with Saccostrea 
glomerata showing the greatest range (-2% to 9.5%) and Geloina expansa with the lowest 
range of change (0.5% to 1.5%). The width percentage of change is greater than the length 
change for nearly all methods and species. This suggests that the expansion of the 
microstructure has a greater effect along the y axis for bivalves, which can be explained by 
the direction of growth lines and their subsequent separation from one another. This 
separation can be seen macroscopically, with cracking focussed along the x axis growth lines. 
For Turbo setosus, the greater expansion of width is more likely associated with the 
separation of the prismatic and nacreous layers from one another.  
The percentage of change for weight loss is once again variable between species 
(figure 3.58). Samples with five percent or more change can be attributed to the loss of 
original shell material from thermal fracture. There is greater variability between the burning 
methods in comparison to the heating methods. This has implications for archaeological shell 
analysis in terms of using weight as unit of measurement to assess patterns of abundance. 
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Others (Mason 2000; Thomas and Mannino 2017) have cautioned the use of weight in shell 
quantification as it cannot be assumed that individual shells have all undergone the same 
taphonomic processes throughout the site. Weight, however, is not a consistent 
representation of shell and cannot be used reliably to create arguments pertaining to site 
formation or human behaviours associated with the shell material. This is evidenced by the 
variability of weight lost through varying thermal methods on a range of shell species (figure 
3.58). 
 
On a mineralogical level, each species of shell reacted differently to the variables of 
duration, temperature, and method-type. The XRD results showed a wide range of variation 
between burning and heating methods for each species. For Tegillarca granosa, burning 
showed greater variability between durations and temperatures; whereas, for heating, 
recrystallisation is more advanced and plateaus out towards greater duration and 
temperature. A near complete recrystallisation occurred after 10 minutes regardless of the 
temperature or method-type. Duration was the key variable over all other factors for Geloina 
expansa, with variances in both 5- and 10-minute durations. Like Tegillarca granosa, heating 
had little effect on variability between temperature and duration for Geloina expansa; 
however, burning showed that increased temperature or durations affected recrystallisation 
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to a greater degree. The different results between the two cross-lamellar species shows that 
heating has a greater effect on Geloina expansa than it does on Tegillarca granosa. 
 
 
There was no difference in results between burning or heating methods for Pinctada 
maxima, however, temperature played a key role in recrystallisation. Turbo setosus, on the 
other hand, displayed significant differences in thermal effects between different durations, 
cooler temperatures, and method type (specifically heating). The variability of microstructural 
thermal behaviour, not just between microstructural types but also species, may be related 
to the different organic matrix compositions that each species has (Kobayashi and Samata 
2006). 
Examination of the R² value of the logarithmic trendline for each species (figure 3.59) 
reveals that the greatest rate of change from aragonite to calcite (recrystallisation) occurs in 
Geloina expansa (R² =0.7966), followed by Tegillarca granosa (R² =0.6918), Turbo setosus (R² 
=0.6397), then Pinctada maxima (R²=0.1707); as Saccostrea glomerata has a calcitic 
microstructure, recrystallisation could not be measured for this species. These results show 
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Figure 3-59: Tegillarca granosa (TG), Geloina expansa (GE), Pinctada maxima (PM), and Turbo setosus (TU) 
calcite percentages for each method. Logarithmic trendlines show rate of change in recrystallisation 
through increased temperatures and durations.  
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that cross-lamellar bivalve shell species recrystallise faster than multi-structural species such 
as Turbo setosus and Pinctada maxima. This has implications for isotopic analysis and 
radiocarbon dating methods.  
Lower temperatures and durations of thermal influences may not be visually 
identifiable on a macroscopic level, especially if other taphonomic processes are affecting the 
appearance of the shell. Therefore, any shell selected for dating is assumed to be 
unburnt/unheated. The evaluation of sample quality through XRD and SEM analysis before 
C14 dating is strongly suggested by Douka et al. (2010); however, this may not always be 
accomplished, and erroneous dating results can occur for radiocarbon and AAR dating. 
Although not measured in this study, it is known (Epstein et al. 1953; Milano et al. 2016; 
Müller et al. 2017; Staudigel and Swart 2016) that temperature affects isotopic composition 
with carbon and oxygen decreasing with increased temperature. This has implications for 
palaeoclimatic reconstruction and other stable-isotope-based interpretations if thermally 
altered shells are mistakenly analysed.  
The impact of cooking on shell is shown to alter an array of macroscopic, microscopic and 
mineralogical aspects, which are important to consider when analysing archaeological shell 
material. Variability in method-type, temperature and duration each alter a shell’s macro and 
micro-morphology, as well as its mineralogical composition. This experimental study showed 
the impact that heating methods have on shell in comparison with burning methods, in that 
they alter a shells morphology more drastically. Examining archaeological signatures of shell 
cooking methods is difficult due to our lack of understanding of the specific effects that 
certain methods have on individual species. The results from this study provide a foundation 
for gaining a greater understanding of the thermal effects on shell in terms of thermal fracture 
and structural integrity, colouration, microstructural changes, as well as mineralogical and 
metrical changes. The shell of each species reacts to thermal influences in their own way, and 
thus we can expect to see variations in the archaeological record due to the range of differing 
species that can be deposited at a site.  
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F. Conclusion 
This chapter outlined the experimental study exploring the effects of thermal influences 
on marine shell from the Indo-Pacific. The hypothesis that heating methods would have 
different effects compared to subsequent burning methods was confirmed. The macro and 
microscopic analyses of each species of shell has provided an in-depth look into the changes 
generated by various cooking methods. Thermal processes impact the morphology and 
integrity of shells and can be one of the most obvious taphonomic processes when examining 
shell material.  
The next chapter will explore the effects of acid dissolution, a non-anthropogenic 
taphonomic process on shell that is common in tropical island environments. A long-term 
experimental study was undertaken to simulate acid dissolution on two species of mollusc in 
a range of tropical archaeological sedimentary matrices. The purpose of this study is to 
provide a better understanding of shell dissolution in archaeological sites and is a progression 
from the thermal experimental study. Together, these two experimental studies aim to 
improve the identification of specific taphonomic processes on shell and in turn improve high-
resolution taphonomic recording of archaeological shell material. 
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4. EFFECTS OF ACID DISSOLUTION ON TROPICAL SHELL: AN EXPERIMENTAL 
STUDY  
 
A. Introduction 
One prominent taphonomic process that has an impact on shell preservation is acid 
dissolution, which is often caused by acidic water (such as rain) percolating into the sediment 
and affecting the shell. Dissolution slowly ‘eats away’ the calcium carbonate (CaCO3) of a shell, 
eventually causing the structure to disintegrate into powder. This process not only impacts 
the preservation of material but can also cause issues with dating analyses (Douka et al. 
2010:23). An overview of current studies that deal with dissolution of shell as well as issues 
regarding the lack of consideration of this process in archaeological interpretations is outlined 
in this chapter. Dissolution is understood in terms of the chemical reaction; however, little is 
known on the specific effects of acid dissolution on different molluscan species as well as the 
role of variables such sediment types and thermal alteration.  
The previous Chapter (3) explored the impact of thermal processes on shell and 
provided a greater understanding of how particular species and methods effected the visual, 
structural and mineralogical aspects of these shells. A similar experimental study is outlined 
in this chapter with a focus on variables associated with tropical environments. Certain 
molluscan species (Saccostrea glomerata and Turbo setosus) were selected to investigate the 
effects of acid dissolution on the shell whilst including a range of variables (sediment, 
duration, thermal alteration). The results from this experimental study are outlined in this 
chapter and discussed in terms of the expected archaeological signatures. These results will 
be implemented, along with the thermal experiment results from Chapter 3, to create unique 
methods (outlined in chapter 5) for recording and analysing taphonomic processes on 
archaeological shell material (Chapter 6). This is necessary to understand any patterns in 
dissolution that may be present in the Golo Cave shell assemblage and provides another layer 
to the overall understanding of taphonomic processes on archaeological shell in tropical 
environments. 
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B. Background 
Before delving into the experimental study, it is important to outline the various 
studies that have engaged with the process of dissolution, with a particular focus on shell 
recovered from non-aquatic environments. Numerous studies in palaeontology, biology, and 
geology have been undertaken on the various chemical taphonomic agents that affect the 
dissolution and deterioration of molluscs in differing marine zones, however, a focus on 
archaeological material has been lacking. Studies that are based on terrestrial sediments 
focus on shell deposits created by natural means rather than anthropogenically, such as shell 
deposits along the beach (Henderson et al. 2002; Yanes et al. 2007). There are limited studies 
that record the taphonomic processes affecting archaeological shell (Claassen 1998; 
Hammond 2014; Faulkner 2010; Muckle 1985; Szabó 2012), in particular chemical agents. 
Understanding the role of various chemical processes on archaeological shell provides 
information as to how a site accumulated, therefore it is important to consider a range of 
variables that impact upon the rate of dissolution on shell. These variables can be grouped 
into intrinsic and extrinsic factors.  
Intrinsic variables are concerned with the shell itself, and include shell size, porosity, 
and microstructure. As outlined in Chapter 3, shells are made of CaCO3, which occurs in two 
crystalline forms: calcite and aragonite (Vermeij 1993:45). This is an important detail to recap 
as the shell of different species contain calcite, aragonite or a mixture of both. Calcite only 
occurs in prismatic and foliated microstructures, which are harder, less dense and 36% less 
soluble than aragonite shells (Vermeij 1993:45). Aragonite is found in crossed-lamellar, 
prismatic and nacreous microstructures (Szabó 2017b; Watabe 1988). The microstructure of 
a shell affects how chemical processes dissolve and deteriorate the shell. Marine molluscs 
contain greater calcium content than terrestrial shells, enabling them to preserve for longer 
due to their stronger shell structures (Vermeij 1993). Understanding the microstructure of a 
shell provides further information on the type and degree of taphonomic processes that it 
has undergone. As emphasised by Madgwick (2016: 339), ‘variation in taphonomic signatures 
can only be validly interpreted if sample composition is considered.’ 
Extrinsic variables that affect the rate of dissolution on archaeological shell include pH, 
moisture content, the preserved organic matter and the type of sediment. The pH of the 
sediment affects the preservation of archaeological remains, with a pH that is more acidic 
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causing decomposition to occur more rapidly (Sobolik 2003:24). A highly alkaline environment 
also causes unfavourable conditions for the preservation of organic remains (Hammond 
2014). Neutral or slightly alkaline sediment provides the best preservation for organic 
material (Orquera and Piana 2000:365). The presence of organic material or certain minerals 
impact the pH of a sediment, as well as how certain chemicals react in archaeological 
deposits. Naturally occurring CaCO3 originating from hard water, which is created by 
rainwater passing through deposits of calcium or magnesium containing minerals such as 
limestone or dolomite (Skinner and Porter 2015), neutralise pH levels in the sediment. Lower 
deposits of decomposing shell also release CaCO3 into the surrounding sediment, which 
attracts the CaCO3 stored in upper deposits of shell (Claassen 1998). The acidity of the 
sediment is an important factor to consider when analysing archaeological remains. The pH 
level is linked to rates of precipitation, organic decomposition (Alfaro et al. 2017) and 
dissolution reactions, as well as the presence and growth of various plants (Rengel 2002). 
Temperature plays an important role in the various chemical processes affecting shell. 
The tropical weather of the western Pacific means that archaeological sites located in this 
region are impacted by high temperatures and moisture content. This humidity affects how 
archaeological shell decomposes in both open and cave sites, with material decomposing at 
faster rates compared to colder, drier climates and greater oxic environments (Hollesen and 
Matthiesen 2015). In both cases, however, cave or rockshelter sites provide greater shelter 
from the elements and can assist the preservation of organic material. This is also dependent 
on other external factors such as sediment type and pH levels. 
Acid dissolution refers to the chemical reaction of carbonic acid on calcium (Earle 
2015). The increase of pressure from overlying material increases the solubility of gases and 
liquids which causes more carbonic acid, thus dissolving CaCO3 (Morse et al. 2007). This 
increase in pressure has been studied in marine contexts (Vermeij 1993:45-48) with a 
substantially greater pressure range than terrestrial sediment, however a similar principal can 
be transferred from marine contexts to a terrestrial context.  Shell exposed on the surface of 
an open archaeological site for a prolonged period means exposure to sunlight, rain and wind. 
Rainwater is naturally acidic (Claassen 1998:60) with a pH of 5.6 due to carbon dioxide in the 
atmosphere. Carbon dioxide dissolves in the rainwater and forms carbonic acid. When this 
acidic rain falls on an archaeological site the CaCO3 material is exposed to acid and dissolution 
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occurs (Claassen 1998). Leaching or dissolution of CaCO3 by percolating rainwater can 
reprecipitate at a greater depth (Flint 1949) and impacts the preservation of material on a 
spatial scale. As CaCO3 reduces acidity, the centre of large shell middens tends to be more 
alkaline than the periphery (Koike 1979), which subsequently causes isolated shell to dissolve 
more quickly. This buffering effect of CaCO3 (Kent 1992:16) can also help preserve other 
organics such as bone or wood (Child 1995). For calcium carbonate material in particular, 
permanently waterlogged alkaline soils provide the best preservation (Kibblewhite et al. 
2015). The dissolution of CaCO3 is dependent on acidity; in an archaeological setting this can 
be caused by rainwater (slightly acidic), decomposing organic matter, or acidic soils. Each of 
these variables plays a role in the degradation of shell material through acid dissolution and 
leave distinct visible traces that can be documented in the field and the laboratory. 
The process of dissolution is identified through recognisable traces that appear on 
shell material. Taphonomic studies of terrestrial archaeological sites primarily focus on 
vertebrate assemblages (e.g. Domínguez-Rodrigo 2007; Lopez et al. 2016; Lyman 1994; 
Rainsford and O’Connor 2016) or plant remains (Piperno 1985; Raviele 2011), with little 
emphasis on shell. As previously mentioned, the bulk of knowledge regarding this process on 
shell is focussed on natural shell deposits in aquatic environments (e.g. Allison and Bottjer 
2011; Wutke and Reisdorf 2012) with palaeontology and palaeobiology leading the research 
on molluscan taphonomy. These studies are drawn upon to understand how dissolution 
manifests in shells in terrestrial settings, with studies such as Sullivan (1993), Kent (1992), and 
Hughes and Lampert (1977) and Collins (2012) providing archaeological context.  
Chemical dissolution is recognised through its chalky appearance and the presence of 
pitting on the shell surface (Claassen 1998). The loss of colour and lustre is the first stage of 
dissolution, followed by chalky appearance in many aragonitic shells (Parsons and Brett 
1991:44). Claassen (1998:60) observed that oyster shells became lustrous with dissolution. 
Another trace is seen with the shell margin also sharpening and thinning through dissolution 
(Parsons and Brett 1991:44). The CaCO3 structure is rapidly destroyed by acid dissolution after 
the conchiolin matrix breaks down (Kent 1992:14). Thermal processes of burning or heating 
expedite this breakdown, which in turn leads to extreme degradation (Kent 1992:15). 
Resistance to dissolution is dependent on numerous factors such as shell wall thickness, 
organic matter distribution and shell porosity (Canfield and Raiswell 1991:416). Porous shells 
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have a greater surface area, which makes them susceptible to attack by corrosive fluids, and 
as such dissolve faster than non-porous shells (Canfield and Raiswell 1991). The greater 
surface area created by borers can lead to a more rapid dissolution of the skeleton (Parsons 
and Brett 1991:44). Aragonite is also more soluble than calcite (Canfield and Raiswell 
1991:414) which suggests a taphonomic bias towards aragonitic dissolution (Cherns et al. 
2011) as aragonitic structures will dissolve more readily than those made of calcite. Koch and 
Sohl (1983, cited in Parsons and Brett 1991:25) state that aragonite molluscan shells typically 
undergo more rapid dissolution in the upper sediments than calcite shells. This spatial 
distribution of shell structures is an important factor to consider when analysing shell 
abundance and distribution over multiple depositional layers. Changes in shell preservation 
can also be seen whilst excavating and is an important factor to consider with regards to 
excavation techniques and subsequent curation (Storch 1997).  
Despite a basic understanding of the process of acid dissolution on organic CaCO3 
materials, there is still a lack of in-depth comprehension on the variety of ways that this 
process manifests due to intrinsic and extrinsic factors. The volatile and fast-paced nature of 
tropical environmental regions is the focus of this thesis, which is why the experimental 
dissolution study undertaken was designed to include variables corresponding to this zone. 
The following section outlines these variables as well as the assorted materials and methods 
incorporated in this study. 
 
C. Methods 
The aim of this experiment was to investigate the effects of acid dissolution on 
different shell microstructures through macroscopic, microscopic, and mineralogical analysis. 
This aim was derived from the unknown impacts that differing sediment types and thermal 
alteration of the shell would have on the dissolution of a range of molluscan species in tropical 
environments. It is hypothesised that dissolution will occur to varying degrees dependent on 
the duration in acidic solution, sediment type, presence of burning, and species. As carbonic 
acid intensifies in strength with the mixing of carbon dioxide from sediment (Claassen 
1998:60), it is also hypothesised that the shell samples in sediment will have greater 
dissolution than the control ‘rainwater’ samples.  
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Main questions: 
1) How are different microstructural categories of shell affected by acid dissolution? 
2) How do different sediment types impact the degree of dissolution on shell? 
3) What role does thermal alteration (burning) of shell play in the degree of 
dissolution - with specific regard to the relationships between sediment type and 
duration of dissolution? 
To answer these questions an experiment was set up to record the effects of acidic 
rainwater on shell over time. A period of 15 weeks was designated to obtain measurable 
changes in the degree of dissolution whilst also remaining realistic in the amount of time 
available for PhD research. The variables tested in this experiment (table 4.1) were split into 
three stages that corresponded to the two molluscan species plus the control stage with no 
sediment. A controlled tank was used for each of these three stages with a range of materials 
used to set-up, continue and record the experiment (see list below). 
The shell samples used in this experiment were obtained from the same locations as 
the shell used in the thermal experiment (Chapter 3). Saccostrea glomerata were live 
collected from an oyster farm in NSW, Australia, whilst Turbo setosus were live collected from 
Malaita, Solomon Islands. These species were selected as they represent contrasting 
microstructural types that are found worldwide. The mollusc was removed from its shell via 
shucking (S. glomerata) and boiling (Turbo setosus) then the shell was left to air-dry for a 
number of days. A portion of the shells were burnt over coals for 5 minutes to be used as the 
burnt shell samples. Accessioning was undertaken for each of the shell samples before placing 
them into the sediments. Control samples that remained unaltered from either sediment or 
water were kept for base comparisons. Photographs of these samples were also used for base 
comparisons in the thermal experiment, and thus are found in Chapter 3 (figures 3.9-10, 13, 
15). 
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Table 4-1: Each variable outlined for the experiment 
 
 
 
 
 
 
Variable Purpose 
Rain water Slightly acidic water with pH of 5.6. Use to test processes of 
acid dissolution on shells. To speed up acid reaction, water was 
lowered to pH 3.8-4.0. 
No sediment Allow for sole testing of water on shells to provide a baseline of 
data to compare with results from sediment tests. 
Sediment (Humic 
soils/compost) 
High organic matter content that will potentially increase the 
acidity of water. Test acid dissolution on shells. 
Sediment (Tephra from 
pumice) 
Volcanic rocks and ash containing acids and/or salts that are 
water-soluble and can increase acidity. Use to test acid 
dissolution on shells. 
Sediment (Sand) Slightly basic. Use to test both acid dissolution and 
leaching/concretions on shells. 
Temp 28-30°C 
Humidity >70% 
A consistent temperature between 28-30°C and high humidity 
for each experiment, derived from average temperature and 
humidity in tropical Pacific region (WMG 2017).  
Shell #1 Turbo setosus Aragonite prismatic exterior and columnar nacre interior 
microstructure 
Shell #1 Turbo setosus Burnt to see chemical effects on recrystallised shell. 
Shell #3 Saccostrea 
glomerata 
Calcite foliate microstructure 
Shell #3 Saccostrea 
glomerata 
Burnt to see chemical effects on recrystallised shell. 
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i.  Materials and Method 
List of materials used for chemical experiment: 
 
• Terrarium Tank    • 30 x S. glomerata unburnt  
• Plastic bottles      • 30 x S. glomerata burnt 
• 2 x heat lamps     • 30 x T. setosus unburnt 
• Atmostat (Digital temperature control) • 30 x T. setosus burnt 
• Temperature and humidity probe  • Milli Q water dispenser 
• 30 x glass trays    • Water carbonator  
• Bag of Compost    • pH soil test kit 
• Bag of washed beach sand   • Liquid pH probe 
• Measuring jugs      
• Powdered pumice (slightly alkaline due to collection from calcareous beach) 
  
A terrarium tank was set up with two heat lamps placed on the top of the tank. These 
heat lamps were connected to a Reptile One Atmostat to control the temperature being 
emitted. Each lamp was set to an average of 30°C and left to run all day and night, apart from 
a few hours between 11pm-2am to give the lamps time to cool down. Humidity in the tank 
remained above 50% throughout the experiment which was measured with a temperature 
and humidity probe set up in the tank. 
Thirty square glass trays were placed in three rows of 10 inside the terrarium. Each 
row contained a different sediment: Pumice, Sand, or Compost. Each tray contained 250ml of 
a sediment type. Shells were placed in the sediment and completely covered. Bivalves were 
placed with the interior surface facing up and gastropods with the aperture facing up. At the 
beginning of the experiment 100ml of ‘rainwater’ solution was added to each tray to 
completely soak the sediment. The ‘rainwater’ solution was made with Milli Q water that was 
bubbled with CO² using a water carbonator to lower the pH to approximately 3.8-4.0. This 
higher acidity was created to speed up the dissolution process in a laboratory setting over a 
relatively short period of time. Once the solution was made it was set aside to de-gas for 1 
hour before being added to the trays. After the initial 100ml was added to each tray, a weekly 
reapplication of 50ml was added until the end of the 15-week period. This allowed the 
sediment to dry out in-between watering, which was important in order to avoid near 
anaerobic conditions (Sommer 2006) but also to simulate high rainfall conditions in tropical 
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settings. Although chemical and physical parameters of the soil vary between wet and dry, 
e.g. organic carbon, phosphate, and nitrate (Utomo 1980), these properties were not 
analysed as the focus was on pH levels of the dry sediment and the added water.  
Two trays were removed from the terrarium and emptied of sediment and shell every 3 
weeks and replaced with a burnt sample of the same species. By week 15 all 30 trays were 
replaced with burnt samples and left another 3 weeks in the terrarium. A total of 18 weeks 
passed for both non-burnt and burnt samples to undergo the period of 15 weeks (table 4.2). 
The sediment from each tray was bagged after the end of the 15-week period and pH readings 
were taken at each 3-week period. The sediment was taken and divided into two different 
bags; sediment from inside/around the shell and the remaining sediment. Multiple pH 
readings were taken for the 15-week sediment as well. The shells were then cleaned of 
sediment with a soft brush then photographed and weighed. 
   
Table 4-2: Progression of experiment - removal and addition of sediment and water to shell 
samples 
Week Sediments Liquid 
0 (Start) 10 trays for each sediment type, with 
unburnt shell sample in each tray 
100ml per tray 
1  50 ml per tray 
2  50ml per tray 
3 2 trays of each sediment type removed and 
replaced with new sediment and burnt shell 
samples (#1-2) 
100ml per new tray 
50ml per old trays 
4  50 ml per tray 
5  50ml per tray 
6 2 trays of each sediment type removed and 
replaced with new sediment and burnt 
samples (#3-4) 
100ml per new tray 
50ml per old trays 
7  50 ml per tray 
8  50ml per tray 
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Week Sediments Liquid 
9 2 trays of each sediment type removed and 
replaced with new sediment and burnt 
samples (#5-6) 
100ml per new tray 
50ml per old trays 
10  50 ml per tray 
11  50ml per tray 
12 2 trays of each sediment removed type and 
replaced with new sediment and burnt 
samples (#7-8) 
100ml per new tray 
50ml per old trays 
13  50 ml per tray 
14  50ml per tray 
15 (non-burnt end) 2 trays of each sediment type removed and 
replaced with new sediment and burnt 
samples (#9-10) 
100ml per new tray 
50ml per old trays 
16  50 ml per tray 
17  50ml per tray 
18 (burnt end) All trays removed (#1-10)  
 
Subsamples from one of the two samples from each week were taken for SEM and 
XRD analyses by snapping the shells with pliers and retaining enough material for both 
analyses. The use of pliers was not substantial enough for T. setosus body subsamples and 
minor cuts were made using a saw bit on a Dremel rotary tool. To ensure no heat transfer 
during sawing, the shell and drill bit were kept wet. For SEM, the x and y axis of the margin 
was subsampled for Saccostrea glomerata whilst the x axis for the interior and exterior layers 
of the aperture lip was subsampled for the Turbo setosus specimens (see figure 4.1). These 
subsamples were fractured to show clear sections, mounted on stubs, and then coated with 
carbon before being analysed with a scanning electron microscopy (PHENOM 2000). Images 
were then collated and compared with one another to identify changes in structure, with 
modern-unaltered samples were also imaged for comparison (see appendices H and I) 
A similar subsampling method to the thermal experiment (see Chapter 3) was 
implemented for XRD analyses on Turbo setosus. Saccostrea glomerata was not sampled as 
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species is primarily calcitic (Carter 1980), and no quantifiable recrystallisation takes place. 
Multiple locations were subsampled to investigate variations in dissolution rates and degrees 
at particular locations. Subsamples were crushed into a fine powder using an agate mortar 
and pestle with acetone. These subsamples were then run through the X-ray diffraction 
machine (Spellmann X-ray generator attached to a copper X-ray tube with a Philips 
Goniometer), and the results analysed with the Traces and Siroquant programs to provide 
percentages of calcite and aragonite. A comparison of percentages from each specimen was 
undertaken to examine the rate of aragonite to calcite recrystallisation.  
 
 
Details on the microstructure and makeup of S. glomerata and Turbo setosus are given 
in the previous Chapter (3) and can be referred to for an understanding of the aspects of 
structure and morphology for comparison between control samples and experimental 
samples.  
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Figure 4-1: Location of subsamples taken for SEM and XRD 
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D. Visual Results 
i. Saccostrea glomerata 
 Control 
As sediment was one of the key variables in this experiment it was necessary to have 
control samples that were not associated with any sediment type. Results from the S. 
glomerata shells that were placed in acidic water over the 15-week period are presented in 
Appendix H. The macroscopic traces of dissolution progressed in intensity with longer 
duration (figure 4.2). A thin chalky layer can be seen from week 3 and increases slightly, 
particularly in the centre of the valve over time for both unburnt and burnt samples. 
Greater dissolution occurred in the burnt samples than the unburnt, which is evident from 
the increased pitting and dissolution on the interior of the valves. This may be explained by 
the exposed interior structure due to thermal fracture/flaking, which would have aided in 
the breakdown of CaCO3. 
Another aspect of increased duration in acidic water was the change in colour and 
lustre. This was particularly evident on the interior surface margins as well as the exterior 
surface ridges where organic material was high. The thin layer of dissolution on both 
surfaces contributed to the loss of colour/lustre (contra Claassen 1998), however the 
decomposition of organic components was also a factor (figure 4.2). Characterisation of the 
degree of dissolution on these control samples can be described as minor. 
 
Figure 4-2:  Progression of dissolution over the 15-week period (burnt and unburnt samples) for 
control S. glomerata samples. Top rows for unburnt and burnt show 1 cm scale, bottom rows show 1 
mm scale. 
Unburnt 
Burnt 
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Figure 4-3: SEM images from control week 3 S. glomerata samples. Top) 
unburnt chalky layer, Bottom) burnt folia layer 
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Changes in the microstructure over time (see SEM images in Appendix H) are so 
minor that it is difficult to interpret any patterns or variations over time or between 
sediments. The only visible difference is between the unburnt and burnt samples (figure 
4.3), which is to be expected (see Chapter 3 for more discussion and specific results on the 
thermal effects of burning on shell microstructure). The burnt samples show greater 
homogenisation (melding of folia) in the structure and rounding of folia edges than in the 
unburnt samples.  
 
 Pumice 
Visually it is difficult to see any variation in the extent of acid dissolution over time for the 
shells placed in pumice. In comparison, the burnt and unburnt samples are interpreted as 
being very similar, as any changes in degree of dissolution are so minor it is difficult to identify 
differences from week-to-week. Therefore, a comparison of results between week 3 and 
week 15 was undertaken. There are changes in the colour/sheen of the shell surfaces over 
time, specifically a loss of the initial creamy/green hues to become a faded/milky colouration 
for unburnt samples (figure 4.4). This can be attributed to a thin chalky layer that covers 
patches of the interior and exterior surfaces, which can be seen as the initial stage of 
dissolution. These patches increase into a layer of dissolution that covers the entire shell 
surface of the samples from later durations. On the other hand, the burnt samples already 
have discolouration from thermal treatment so changes in the colour/sheen are less distinct. 
Nevertheless, there is a clear chalky layer of dissolution present for all the burnt samples with 
increased dissolution focussed on the interior centre of the body. This can be attributed to 
the positioning of the shell in the sediment, with the interior facing upwards (identical 
positioning for sand and compost sediment samples). 
Compared to the control samples the pumice samples also show minor dissolution, 
however there is a greater loss of colour/sheen for the pumice samples. This is particularly 
evident on the interior surface, with the colouration near white at week 15 whilst the control 
samples still retain a creamy colouration (figure 4.4).  
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An increase in the fractured surface area and changes in the fracture angle of the 
microstructure are seen with the SEM images (appendix H). Breakage of the folia become 
increasingly irregular and fractured edges round with time. This progression of dissolution on 
the microstructure is exacerbated in the burnt samples. 
 
 Sand 
Like pumice, the progression of acid dissolution on the shell in a sand sediment is difficult 
to see macroscopically. Despite no clear signs of pitting, the shell colour/sheen has altered 
over time (figure 4.5). A thin chalky layer is seen on both shell surfaces; however, it is primarily 
distinct over purple/blue patches of colouration found around the interior margin and 
exterior ridges. This initial stage of dissolution is not as pronounced as the dissolution that 
occurred on the pumice-shell samples with undissolved patches still visible on the week 15 
sample. 
Interestingly, the thin layer caused by dissolution on the sand samples is barely visible 
compared to the control and pumice samples. Colour/sheen are still present up to week 9 
and contrasts with the loss of colour/sheen on the control samples. Although the layer of 
dissolution is not present over the entire surface there is a concentrated patch on the interior 
central body from week 3 onwards (figure 4.5). This central dissolution increases over time 
whilst the chalky layer and loss of sheen spreads to the margins by week 15. The burnt 
Unburnt 
Burnt 
Figure 4-4: Progression of dissolution over the 15-week period (burnt and unburnt samples) for S. 
glomerata Pumice samples. Top rows for unburnt and burnt show 1 cm scale, bottom rows show 1 mm 
scale. 
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samples show a similar pattern to the unburnt samples with dissolution on the burnt interior-
body slightly more progressed than the unburnt samples. 
Examination of the microstructure (appendix H) shows minor changes, with the foliate 
layer fracturing with greater irregularity over time. The folia are tightly bound and fragment 
parallel to the direction of the foliate structure in the control samples, however, by week 3 
minor gaps appear between foliae and fragment in different directions and angles. By week 
15 fracturing becomes unsystematic and jagged, with edges showing minor rounding. A 
comparison of the microstructure of burnt samples reveals greater rounding and more 
regular fracture patterns in the amorphized folia compared to the unburnt samples. 
 
 Compost 
The acidic nature of compost has resulted in clear signs of dissolution occurring on the 
burnt and unburnt shell samples in this sediment (figure 4.6). A thin chalky layer of dissolution 
is evident on the week 3 samples along with organic staining (orange) on the interior surface. 
Pitting on the interior surface is visible from week 6 and accompanies the chalky layer caused 
by dissolution on the exterior and interior surfaces, as well as the organic staining on the 
interior surface. Chalkiness increases with increased duration, particularly on the interior 
surface where the positioning of the shell in the sediment (interior facing upwards) resulted 
Unburnt 
Burnt 
Figure 4-5: Progression of dissolution over the 15-week period (burnt and unburnt samples) for S. glomerata 
Sand samples. Top rows for unburnt and burnt show 1 cm scale, bottom rows show 1 mm scale. 
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in water pooling in the valve. This pooling of sediment and water in the valve also facilitated 
the noticeable organic staining seen on all the samples. 
Like the control, pumice and sand sediments, the burnt samples show greater traces 
of dissolution than the unburnt samples. Compared to the control samples, the compost 
samples have a greater degree of dissolution with the entire shell being affected. Figure 4.6 
demonstrates this well with the week 15 images.  
Unlike the other sediment samples where changes in microstructure are minor over 
the 15-week period, the compost samples reveal substantial variation in the foliate 
microstructure (appendix H). The week 3 SEM sample shows completely random fracturing 
at the body with edges showing minor rounding. The effect of dissolution on the structure 
increases over time with the week 15 sample showing random fracture, rounded edges, and 
nanoscale holes in the foliae surfaces. This contrasts with the week 15 burnt samples where 
the fracture edges are sharper and more regular. 
 
Unburnt 
Burnt 
Figure 4-6: Progression of dissolution over the 15-week period (burnt and unburnt samples) for S. glomerata 
compost samples. Scale bars show 1 cm for all images. 
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ii. Turbo setosus 
 Control 
The macro photographs of both the interior nacreous aperture and exterior prismatic 
surface show no discernible changes in the intensity of acid dissolution overtime on the 
control samples (figure 4.7). However, low-power microscope images show scattered patches 
of a thin chalky layer across the shell from week 3 onwards, although dissolution becomes 
more consistent from week 12. A similar trend is seen with the burnt shell samples where 
dissolution is rarely visible at week 3 (occasional patches of chalky layer) and increases to a 
consistent, yet thin, layer by week 12. SEM images (appendix I) show no discernible changes 
in either the exterior prismatic or interior nacre layers. There are minimal changes in 
dissolution over time, however, there are distinct changes in the colour and lustre of the 
altered samples compared to the week 0 samples, for both unburnt and burnt samples. SEM 
images also so minimal changes between weeks, however there are minor changes (figure 
4.8) between unburnt and burnt samples (see chapter 3). 
 
 
Unburnt 
Burnt 
Figure 4-7: Progression of dissolution over the 15-week period (burnt and unburnt samples) for control 
Turbo setosus samples. Top rows for unburnt and burnt show 1 cm scale, bottom rows show 1 mm scale. 
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Figure 4-8: SEM images of prismatic microstructure for T. setosus. Top) 
unburnt 6 weeks, Bottom) Burnt 3 weeks. 
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 Pumice 
Turbo setosus shells that underwent dissolution in pumice show minor traces of 
dissolution on the shell surfaces (figure 4.9). The pumice sediment adhered onto the shell 
surface strongly with some patches unable to be removed without impacting the minor areas 
of dissolution. Nevertheless, visual changes were identified on different scales (appendix I). A 
concentrated patch of chalky dissolution is visible on the interior aperture surface which 
remains patchy until week 12 for the unburnt samples, whereas, a consistent chalky layer is 
seen for all the burnt samples (weeks 3-15). Minor pitting occurs from week 12 onwards for 
both unburnt and burnt samples. Colour and lustre have been lost completely from the initial 
burning of the samples, nevertheless greater fading occurs due to dissolution for each of the 
burning samples. This contrasts with the unburnt samples where colour and lustre are still 
present for week 3 and in patches for weeks 6 and 9. 
Changes in microstructure are minor, with the exterior prismatic structure fracturing 
with greater irregularity over time and minor homogenisation of the prisms occurring from 
week 6, however the columnar nacre tablets remain the same as the control sample 
(appendix I). This minor alteration over time is similar to the slight changes occurring on the 
burnt samples despite the initial morphing of structures from thermal alteration. The burnt 
Unburnt 
Burnt 
Figure 4-9: Progression of dissolution over the 15-week period (burnt and unburnt samples) for Turbo 
setosus Pumice samples. Top rows for unburnt and burnt show 1 cm scale, bottom rows show 1 mm scale. 
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samples show amorphized prisms that fracture more randomly over time and edges that have 
rounded, however nacre tablets remain consistent.  
 
 Sand 
Unlike the pumice samples, changes in the colour and lustre of the interior surface of 
the sand samples are visible from week 3, however dissolution is patchy and does not increase 
as considerably over time (figure 4.10). This consistent level of dissolution through time is 
also seen with the burnt shell samples, which appear to be at a similar stage of dissolution as 
the unburnt samples. 
 
 
SEM images of the Turbo setosus microstructures reveal minor rounding and 
homogenisation of the prismatic structure over time (appendix I). This is exacerbated in the 
burnt samples where the prism structure is lost due to homogenisation and random fracturing 
from week 6 onwards. Despite this, the nacreous tablets remain unaltered in structure.  
 
 Compost 
Like the other sediment types, the shell samples in compost lost colour and lustre with 
increasing dissolution. The thin layer of dissolution is patchy for the week 3 unburnt sample, 
Unburnt 
Burnt 
Figure 4-10: Progression of dissolution over the 15-week period (burnt and unburnt samples) for Sand. Top 
rows for unburnt and burnt show 1 cm scale, bottom rows show 1 mm scale. 
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with some colour and lustre still present on the interior aperture (figure 4.11). This colour is 
lost by week 6 and the layer of dissolution consistently covers the surface, albeit thinly. At 
week 9, scattered patches of pitting are visible on the interior surface which increases slightly 
over time. The increase in pitting is accompanied by an increase in the extent and coverage 
of chalky dissolved material. A similar pattern of progression is seen in the burnt samples as 
a significant increase in chalkiness and pitting occurs at the week 9 mark. These traces of 
dissolution increase at the week 12 and 15 marks.  
 
 As with the previous sediment samples, the progression of microstructural morphing 
is focussed on the exterior prismatic layer as the interior nacreous layer does not show any 
visible changes. The SEM images of unburnt compost samples reveal homogenisation of the 
prisms from week 3 (appendix I). This increases in degree over time along with an increase in 
unsystematic fracturing that leaves a scattering of gaps in the prism structure. Rounding of 
the edges also occurs to a greater degree from week 6.  
 The burnt samples show an even greater extent of this structural morphing with 
greater rounding and irregularity of fracture surfaces. This is visible from week 3 and increases 
with time. In contrast to the unburnt samples, the burnt samples clearly show hairline and 
large fracture lines running through the entire prismatic layer. This is coupled with visible 
dissolution ‘eating away’ at the surface of the exterior prismatic layer (appendix I).  
Unburnt 
Burnt 
Figure 4-11: Progression of dissolution over the 15 week period (burnt and unburnt samples) for Compost. 
Top rows for unburnt and burnt show 1 cm scale, bottom rows show 1 mm scale. 
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E. pH Results 
At the end of each set duration all of the sediment types were tested for pH values for 
both burnt and unburnt shell samples. The results (figures 4.12 and 4.13) show minimal 
changes in pH levels over the 15-week period. Consistency in pH is primarily seen with 
compost and sand sediments of Saccostrea glomerata, where both burnt and unburnt 
samples remain at acidic 5-6 levels for compost and neutral 6.5-7 for sand (figure 4.12). 
Compost remains stable at acidic levels for Turbo setosus samples as well, however the burnt 
and unburnt sand pH values vary, with the burnt values becoming highly alkaline (9.5) after 
only 3 weeks then stabilising. A similar trend in Turbo setosus samples occurs for both burnt 
and unburnt pumice (figure 4.13). This contrasts with the S. glomerata pH values for pumice 
(figure 4.12) where burnt samples are slightly more alkaline than the unburnt samples and 
differences over time are variable. 
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Figure 4-12:pH of sediment after end of set-duration- S. glomerata results 
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The pH of sediment from different depths (locations) was only recorded for the burnt 
samples due to time restrictions. As such, it was not possible to investigate the relationships 
between burnt and unburnt pH relating to sediment location. Subsamples were taken from 
the surface, interior shell, and underneath the shell to examine if variations in pH occurred at 
different locations in the sediment in relation to the shell sample. Results for the compost 
sediment revealed that the pH level of the surface subsample was equal to or less than the 
interior and underneath subsamples (figures 4.14 and 4.15) for both species. This is markedly  
so, with the Turbo setosus samples which show a greater difference in pH compared to the S. 
glomerata samples. In contrast to this are surface values for sand and pumice, which are more 
basic in comparison with the other locations for both S. glomerata and Turbo setosus. These 
surface values coincide with the control pH values of the sediment and thus indicates that the 
presence of shell makes each of the interior and underneath sediments more neutral.  
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Figure 4-13: pH of sediment after end of set-duration-Turbo setosus results 
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Figure 4-15: Sediment pH from TU (Turbo setosus) burnt samples 
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Figure 4-14: Sediment pH from SG burnt samples 
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As with the above pH results (figures 4.12 and 4.13), the compost values have the 
highest acidity with sand and pumice fluctuating between neutral and basic. pH values were 
also fairly stable throughout the duration of the experiment. This highlights the short nature 
of the experiment and drives at the need for a more long-term study to understand changes 
in the pH of the different sediments. 
 
F. Measurements Results 
The weights recorded for each sample before and after the experiment show a 
mixture of loss and gain. As each sediment and duration had two samples for each species, 
the weights from each of these two samples were averaged to provide a single value for 
comparison (figures 4.16 and 4.17). For the S. glomerata samples, both unburnt and burnt 
samples lost weight for each sediment type, however, some burnt samples gained weight 
(figure 4.16). Burnt samples are assumed to show variable values due to the random nature 
of burning (see Chapter 3) and thus can explain the fluctuations in the data, nevertheless 
there is a distinct decrease in weight occurring for all sediments at week 15. The loss in weight 
for unburnt samples remain between -0.3 and -0.6 g with no distinct trend occurring over 
time. This indicates that dissolution causes a similar loss of weight in all sediment types, 
however, the lack of any trend over time suggests that the period of time for the experiment 
was not sufficient enough to show any distinct changes in weight values. 
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Figure 4-16: Change in weight after acid dissolution for S. glomerata 
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Like the S. glomerata samples, the Turbo setosus samples show fluctuations in the 
patterning of the burnt shell values (figure 4.17) with an initial phase of decreased weight 
followed by an increase, however the timing and extent of this varies between sediment 
types. This contrasts with the unburnt shell values that remain between -0.15 and 0.25g, with 
each of the sediments showing distinct values apart from week 3. It is at this first period (week 
3) that all three sediments with unburnt shells show no change in the weight of the shell. 
Changes after week 3 are extremely minor and highlight relative stability in weight over time.  
The lack of any consistent linear increasing or decreasing trend in the S. glomerata 
and Turbo setosus weights over time highlights the limitations of this short experiment. A 
longer duration is needed to see if there are any patterns in weight loss over time for different 
sediment types. Nevertheless, there is an overall trend of weight being lost due to acid 
dissolution with the burnt samples in particular losing the greatest weight in grams. Out of 
the three sediments, compost has the lowest values for unburnt samples for both species. 
This suggests greater dissolution occurring in the compost sediment type, possibly due to 
higher levels of organic decomposition, which corresponds with the visual evidence. 
 
-2.5
-2
-1.5
-1
-0.5
0
0.5
1
3 6 9 12 15
W
ei
gh
t d
iff
er
en
ce
 (g
)
Weeks
TU change in weights
Pumice unburnt Sand unburnt Compost unburnt
Pumice burnt Sand burnt Compost burnt
Figure 4-17: Changes in weight after acid dissolution on Turbo setosus samples 
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G. Mineralogical Results 
Values for the unburnt Turbo setosus samples (figure 4.18) show little variation 
between the control results and each of the sediment results. Calcite percentage remains low 
(<2%) throughout, with the only discernible change being a decrease in calcite values at 9 
weeks. This is particularly apparent for the pumice sample. As calcite does not convert to 
aragonite it is possible that reprecipitation of calcium carbonate is occurring, however, since 
the sample size is small and changes in percentages are incredibly small (between 0.1- 1.0%) 
it is difficult to say with any certainty how the varying sediments are impacting the calcite and 
aragonite ratio. A stable pattern of mineralogy is most likely occurring for such a short period 
of time. 
 
 Recrystallisation from burning has already occurred for the burnt Turbo setosus 
samples, and as this process is inconsistent (as discussed in Chapter 3) these samples are 
inherently variable in terms of their mineralogy. Therefore, only overall trends can be 
examined in any reliable manner, such as overall differences between the control samples 
and the sediment samples (figure 4.19). The control sample calcite percentages remain low 
(apart from an outlier at week 12) and fall below the values obtained from the three sediment 
samples. Compost samples show the greatest percentages of calcite; however, these drop 
Figure 4-18: Percentage of calcite for unburnt Turbo setosus samples in each sediment. Samples: 3U 
– 3 weeks unburnt, 6U – 6 weeks unburnt, 9U – 9 weeks unburnt, 12U – 12 weeks unburnt, 15U- 15 
weeks unburnt 
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considerably at week 15. Low calcite percentages occur for all sediments at week 15, including 
for the control sample. It is possible that all these samples at week 15 did not recrystallise as 
greatly as the other samples after burning, however a re-analysis of subsamples is needed to 
be certain of the cause for these low calcite readings. Another possibility for this decrease in 
calcite and an increase in aragonite may be due to reprecipitated calcium carbonate.  
 
 
Issues with small sample size, short duration and minor changes in values for both 
burnt and unburnt Turbo setosus samples have resulted in unanswered questions regarding 
the role of varying sediment types on changes in the calcite/aragonite ratio. It is clear, 
however, that burning of the shells began the process of recrystallisation, setting burnt shell 
calcite values above the unburnt shell values. Further occurrence of recrystallisation due to 
acid dissolution is possible but other factors may be affecting minerology, such as 
reprecipitation or salt recrystallisation (see Behrensmeyer 1978). A longer experiment is 
needed to see any distinct changes in the calcite/aragonite ratio over time and to clarify 
precise differences caused by sediment types.   
 
 
 
Figure 4-19:Percentage of calcite for burnt Turbo setosus samples in each sediment. Samples: 3B – 
3 weeks burnt, 6B – 6 weeks burnt, 9B – 9 weeks burnt, 12B – 12 weeks burnt, 15B- 15 weeks burnt 
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H. Discussion 
The presentation of results from this experimental study of acid dissolution on shell 
provide answers to the original questions posed at the beginning of this chapter. These 
answers are discussed in this section along with the implications for archaeological study.  
 
1) How are different microstructural types of shell affected by acid dissolution? 
2) How do different sediment types impact the degree of dissolution on shell? 
3) What role does thermal alteration (burning) on shell play on the degree of 
dissolution? 
This experimental study revealed interesting trends in the different variables that 
effect the extent of acid dissolution occurring on shells. Firstly, the macro- and microscopic 
images highlight differences in the progression of dissolution based upon the sediment type, 
duration, species and presence of thermal alteration. For S. glomerata, the control samples 
show minor traces of dissolution that only increases substantially from week 12 onwards. In 
comparison, burnt control samples show greater dissolution. The pumice samples show a 
gradual increase in dissolution through the 15-week period, however, the rate of increase is 
very minor. Burnt samples in pumice show greater dissolution than unburnt samples, though 
both remain minor. Traces of dissolution are barely visible for sand samples (unburnt) before 
week 9 and remain very minor where they are visible. In comparison, burnt samples in sand 
are affected to a greater degree by dissolution but still remain minor. The compost samples 
reveal minor dissolution from week 3, which then increases to medium from week 12, with 
pitting occurring at week 6 onwards. Like the other sediments, the samples that have 
undergone burning show greater dissolution than unburnt samples. Claassen (1998:60) 
stated that oyster shells become lustrous with dissolution as “exterior calcitic layers fall away 
to expose fresh calcite”, however this experimental study showed that both the exterior and 
interior layers (appendix H) lose lustre and colour for all variables (control water-only, pumice, 
sand, and compost).  
The overall results for Turbo setosus reveal that the control samples barely show a 
thin layer of dissolution on the burnt and unburnt samples. There is a minor loss of colour and 
lustre, however, which is clearly visible from week 12 onwards. For the pumice samples, 
dissolution is patchy for the majority of the experimental period and is not consistent until 
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week 12, where dissolution and pitting are present and increase with time. The burnt pumice 
samples show greater dissolution than unburnt, however there is little increase in dissolution 
over time. Minor dissolution is present for both burnt and unburnt sand samples. These sand 
samples show a consistent level of dissolution throughout the 15-week period (little change 
over time). In contrast are the compost samples, where the unburnt and burnt shells show a 
similar trend in progression with dissolution initially minor, then an increase in dissolution 
and pitting occurring at week 9. Comparatively, the burnt samples are marginally more 
progressed in dissolution than the unburnt samples. 
These overall results in the visual analyses highlights the greater action of dissolution 
on burnt shells as well as the greater degree of dissolution occurring on shell in acidic compost 
sediments. Although the control samples show very little evidence of dissolution occurring, 
the fact that control samples show less dissolution than any of the three sediments indicates 
the importance of sediment type on the degree of dissolution occurring on shells. The marked 
increase in dissolution from week 12 also indicates the importance of duration on the extent 
of dissolution on shells as the greater exposure to acidic water correlates to greater acid 
dissolution. Although not measured quantitatively, the compost samples appeared to be 
more fragile than the other sediment samples as the shell was more pliable when fracture 
subsampling for SEM and XRD analyses was undertaken.  
Juxtaposed with the visual results are the chemical and mineralogical results which 
show little or no variation in values over time for either species. The only differences are 
between the burnt and unburnt samples as well as the different sediment types.  
For pH, compost remained slightly acidic, sand - neutral, and pumice - alkaline. The 
presence of shell altered the sediment’s pH to more neutral, however values for compost 
remained slightly acidic and pumice slightly alkaline. Sand was the only sediment that 
remained neutral. This partially confirms statements by Kent (1992:16) on the role of CaCO3 
reducing acidity in sediment, however this process is more complicated than initially 
assumed. Interestingly, the S. glomerata samples show compost remaining acidic whilst sand 
and pumice are neutral. Contrasting with this are the Turbo setosus values which show 
compost becoming neutral while sand and pumice fluctuate between neutral and alkaline. As 
the best preservation of organic material is argued to occur at neutral or slightly alkaline levels 
(Kent 1988), the differing results for these two species make pH levels a questionable 
measurement to create interpretations pertaining to material preservation. This is especially 
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the case when considering taphonomic processes long-term as pH levels of the sediment 
fluctuate during deposition due to a range of variables and processes. Changes in the pH of 
the sediment in relation to the shell (above, interior, and below) were primarily minimal for 
S. glomerata and T. setosus samples, however these results bring into question the varying 
affects that depth of burial and the spatial and chemical relationship between shell and 
surrounding sediment have on the dissolution of material over longer time-periods. Further 
research is needed in this area to create a better understanding of this process.  
There are clear variations in pH occurring due to the relationship between sediment 
type and species. Visually, S. glomerata and Turbo setosus samples in compost have received 
the greatest loss from dissolution, however, the pH values were neutral for the Turbo setosus 
compost samples, suggesting that the compost shell samples would show reduced 
dissolution. The contrasting degree of dissolution and level of pH for Turbo setosus shells in 
compost can be explained through the presence of the acidic (pH 5) surface compost 
combined with acidic water, which in turn ensured dissolution occurred on shell material.  
Results from weight and mineralogical analyses show no evidence of distinct 
increasing or decreasing trends over time for any of the sediment types or species. There is, 
however, clear evidence of recrystallisation from aragonite to calcite for burnt samples (Turbo 
setosus) which affects the weight of the shell and can explain the variability in the data. The 
shell results from compost showed these specimens losing the most weight, reinforcing that 
compost is the sediment type that impacts the degree of dissolution on shell the most out of 
the three sediment types analysed. Furthermore, there is clearly a greater loss in weight for 
S. glomerata samples than for Turbo setosus samples. As previously discussed, aragonite is 
less stable and tends to be more soluble than calcite (Kent 1992:16), however the deposits’ 
environmental context can alter this. Greater weight loss occurs in shells with greater 
proportions of calcite than aragonite that are placed in neutral to slightly acidic sediment that 
is heavily saturated (Faulkner 2011:119). Although sample-size and duration were the 
greatest issues when attempting to examine any changes in the preservation of 
archaeological shell temporally, there were still distinct differences between sediment types 
and species that provide further data on the effects of dissolution on shell weight. 
Finally, the key findings from this experiment are concerned with the impacts of the 
different sediment types on each microstructural type. Compost affected S. glomerata more 
than Turbo setosus, however, sand and pumice affected Turbo setosus more greatly than S. 
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glomerata. Progression of acid dissolution was similar for each species with variations only 
occurring due to different set-durations. Colour and lustre were lost initially with a thin chalky 
layer covering the shell surface. This layer grew in extent and was followed by pitting which 
was focussed on specific parts of the shell (interior body centre and interior margin edge).  
Observations on microstructural types while manual handling revealed that structural 
integrity remained strong for all Turbo setosus samples, whereas, S. glomerata shells in 
compost lost structural integrity to a marked degree. Microstructurally, the foliate and chalky 
layers of S. glomerata mean that fracturing of this shell is random and tends to splinter rather 
than break along the edges. This contrasts with the Turbo setosus shell, where fracturing 
occurs in clean breaks due to the prismatic and nacreous microstructures (see previous 
Chapter 3 on microstructural properties). Without a physical force acting on the shells, 
degradation primarily occurs through acid dissolution. Thermal alteration of the shell from 
burning will impact not only the structural integrity of a shell but also the degree of dissolution 
that occurs. The visual and weight data revealed increased dissolution occurring on burnt 
shells, albeit to a minor degree. This highlights the importance of recording dissolution along 
with other taphonomic processes present. Without a full picture of the processes impacting 
a shell, it is difficult to truly understand what forces are acting upon the preservation of 
organic material. 
Applying these results to archaeological contexts is necessary to consider the variable 
impact that dissolution has on archaeological shell material in tropical environments. These 
two species provide a starting point in understanding the taphonomic process of dissolution 
in terrestrial sites, however, expansion of both experimental duration and the number of taxa 
or microstructural types assessed is essential in furthering our knowledge and improving our 
interpretations of shell material. 
 
I. Conclusion 
This chapter explored the importance of understanding how particular taphonomic 
processes impact shell depending on the differing variables that can occur in an 
archaeological site with specific focus on a chemical process. Acid dissolution is a major 
process that impacts the preservation of shell material in many archaeological sites. 
Understanding how varying environmental factors impact the scale of dissolution on shell, 
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and in turn the extent of decomposition over time, is why the experimental study outlined in 
this chapter was undertaken. An overview of the current state of knowledge regarding the 
process of acid dissolution, left numerous questions pertaining to the specific effects of 
dissolution on archaeological shell in tropical environments. The results from this 
experimental study provide the first steps towards a greater understanding of these effects. 
These results are used as a basis to build novel methods to record acid dissolution on 
archaeological shell material (Chapter 5), along with methods created for the recording of a 
range of taphonomic processes (Chapter 5). These methods are applied to archaeological 
shell material from Indonesia and the results of these analyses are outlined in Chapter 6. 
Further discussion on these results and the implications of a high-resolution approach to 
taphonomic recording of shell material is outlined in chapter 7. 
 
 
 149 
5. DEVELOPED METHODOLOGY FOR GOLO CAVE MATERIAL 
 
A. Introduction 
This chapter outlines the various methods used to record taphonomic processes and 
analyse the data obtained from archaeological shell material analysis. The results from this 
high-resolution taphonomic analyses will be presented in Chapter 6. Due to limited research 
on the identification of archaeological shell taphonomy there are few studies that use precise 
methods for recording taphonomy to draw upon. As such, the approach for recording 
taphonomic processes in this thesis have been draw upon and adapted from a wide range of 
study areas to create novel methods that encompass a range of different taphonomic 
processes. The results from the thermal and chemical experiments, discussed in previous 
Chapters (3 and 4), have also been incorporated to help guide the methods used in this thesis. 
A combination of anthropic and non-anthropic taphonomic processes was recorded from the 
analysis of archaeological shell material. Overall elements were recorded for each individual 
shell specimen. These elements included the depth that the shell was excavated from, the 
species, weight, size (length and width measured), whether the shell is whole or fragmented 
(if fragmented the most likely cause), as well as the presence and grade of burning/heating, 
abrasion, corrosion, bioerosion/bioturbation. Finally, any other processes present, such as 
bleaching or working, were recorded. Exact details for this high-resolution taphonomic 
recording are outlined below along with subsequent data analysis methods for the numerical 
data obtained. 
 
B.  Initial sorting, identification of species and recording 
An initial sorting and identification of shell species (Claassen 1998) was undertaken for 
the midden assemblage. The Minimum Number of Individuals (MNI) and Number of Identified 
Specimens (NISP) were counted for each taxon identified. If identification to species level 
could not be obtained, then identification to genus, then family was given instead. Numerous 
texts (Abbott and Dance 1982; Carpenter and Niem 1998; Springsteen and Leobrera 1986), 
online (conchology.be) and physical reference collection materials were used to identify 
species. WoRMs (www.marinespecies.org) was used as the main authority to present up-to-
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date taxonomy. Unidentifiable specimens were labelled as ‘unidentified’ due to their lack of 
diagnostic features. MNI was calculated through the counting of minimum number of 
individual diagnostic features or non-repeating elements (NRE). This varied depending on the 
taxa, but was primarily focussed on the aperture, apex, hinge, umbo or columella. NISP was 
measured as the total number of specimens attributed to a particular taxonomic category 
(MNI plus fragmented shells). Basic quantification data was based on NISP and MNI values, 
however if no diagnostic features were recorded for MNI but a NISP value was counted, then 
the MNI was recorded as 1.  
Every shell specimen (whole or fragmented) was given a unique identification (e.g. 
M4195NP01: Golo Cave site Square M4, Depth 195cm, Species Nerita plicata, number 01) and 
bagged individually. Specimens that were fragmented and less than 5mm in size were bagged 
together based on similar taphonomic features (such as burnt, unburnt or minor dissolution). 
Every specimen was measured for maximum length and width. For bivalves the length was 
measured from the posterior to anterior margins, whilst the width was measured from the 
hinge (dorsal) to ventral margin (figure 5.1). For gastropods, the length was measured from 
the apex (posterior) to aperture/columella (anterior) whilst the width was measured across 
the widest point of the body (figure 5.1). Left and right valves from bivalves were identified 
when there were enough diagnostic features present to do so. With highly fragmented pieces 
of shell that had no diagnostic features to identify the orientation, the length was recorded 
based on the largest measurement (x axis) with the width measured perpendicular to this (y 
axis). 
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The method of recording any evidence of taphonomic processes on individual shell 
specimens began with identifying the processes of fragmentation, burning/heating, chemical, 
abrasion and bioerosion. To record each of these processes adequately an excel data table 
was created to identify key elements such as location and grade. Various visual identification 
methods were chosen to provide in-depth data on each taphonomic process, whilst also 
ensuring the recording process would be as efficient as possible given the immense number 
of specimens to be recorded for the site. Various attributes of shell taphonomy were taken 
from Davies et al. (1990), Hammond (2014), and Zuschin et al. (2003) as a starting point. 
Further details on the numerous traces of natural and cultural taphonomic processes on shell 
are outlined in Chapter 2. Using these studies on taphonomy (Chapter 2) in addition to 
experimental results (Chapter 3 and 4), the varying taphonomic processes and their traces on 
shell were recorded for the archaeological site, Golo Cave.  
Evidence of pre-depositional taphonomy (e.g. non-human predation, wave rolling, 
marine bioeroding) was distinguished from post-depositional taphonomy (e.g. microboring, 
acid dissolution, sand blasting) to clearly separate processes occurring under different 
circumstances. Evidence of burning/heating (from cooking) as well as fragmentation (caused 
by breaking open a shell for meat or alteration as a raw material) can be identified as pre-
deposition and were separated from burning/heating or fragmentation that occurred after 
deposition. It is important to distinguish between pre-depositional and post-depositional 
Gastropod
Length
Width
Bivalve
Length
Width
Diagnostic features Undiagnostic features
Length
Width
Dorsal
Ventral
Figure 5-1: Measuring length and width for each shell specimen 
Dorsal 
Ventral 
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taphonomic traces to separate processes occurring pre-discard or during site formation 
and/or site transformation.  
 
i. Fragmentation 
The first process recorded was fragmentation. A shell specimen was considered 
fragmented if any part of the shell was missing. A whole shell specimen being 100% intact 
was recorded in excel as a blank cell. Each specimen that was identified as fragmented was 
given a category/percentage of fragmentation, location of breakage points, and a description 
of the broken edges. The category of fragmentation was measured through the percentage 
of shell missing from the whole (figure 5.2). This percentage of fragmented shell corresponds 
to a category from 1 to 6. The greater the category number the more fragmented the shell is. 
These percentage ranges were chosen due to the visual ease of identifying the portion of a 
shell that is missing. 
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The location of the breakage on the shell and the corresponding missing portion was 
also recorded. This varied depending on species, but labelling included standard locations for 
bivalves and gastropods (table 5.1). A simplified version of Davies et al. (1990) standard 
locations was implemented (figure 5.3). Whole shells were divided into specific areas with 
fragmented shells analysed similarly if enough of the original form remained.  
 
Table 5-1: Differing locations recorded for bivalve and gastropod taxa 
Bivalve Gastropod 
interior, exterior, whole, patches, 
scattered, margin, body, umbo, hinge, 
ventral, posterior, and anterior 
exterior, interior, whole, patches, scattered, 
transverse, longitudinal, apex, aperture, 
body, columella, spire, and outer lip. 
100% (whole/unfragmented)
90-99% 75-90% 50-75% 25-50% 10-25% <10%
Category 6Category 5Category 1 Category 2 Category 3 Category 4
Figure 5-2: Categorising fragmentation of shell based on percentages. Showing different mollusc shell 
types (bivalve, limpet, and gastropod). 
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Figure 5-3: Locations of shell parts (after Davies et al.1990) for different mollusc shape types 
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Breakages that passed into a number of different locations were described with a 
(slash) between locations. If no specific location could be identified, then “All” was recorded. 
This only occurred with specimens that were category 5 or 6 which are thus highly fragmented 
pieces. For example:  
Margin = breakage is located at the margin with the margin missing.  
Margin (left) = breakage at the margin but margin still present, the rest of the shell missing 
Body/margin = breakage along the body and margin with partial body/margin missing. 
All transverse = breakage runs through the margin, body and apex transversely from the top 
of the apex to the bottom of the margin. 
 
To compare quantities of actual fragmented material to numerically fragmented rates 
(standard MNI/NISP); counts for the number of shells with missing or broken portions were 
attained for NISP and MNI (NRE). With these values, rates of fragmentation were given as 
either total MNI/NSIP or fragmented MNI/NISP (figure 5.4). The key difference between these 
two values stems from the MNI number. This method of recording fragmentation rates of 
shell queries rates of fragmentation by investigating individual shell. Out of the total 
quantification of MNI and NISP, how many are actually fragmented? 
A description of the broken edge/s provides a better understanding of the processes 
behind fragmentation. The “vertical” edge is described as either rounded or sharp (angular), 
and the “horizontal" edge as either irregular or regular (figure 5.5 and 5.6). Sharp edges 
suggest a more recent break than rounded edges as they have not been modified by further 
taphonomic processes (Davies et al. 1990:347). An irregular edge indicates a more random 
break and can either be due to the microstructural properties of the taxa and/or the location 
of the pressure point. Similarities within and between taxa suggest continuity in how and 
when the shell was broken. This can be compared between spits to understand variations in 
fragmentation over time. 
It is difficult to distinguish edge rounding due to abrasion or dissolution, however it 
can be possible to distinguish chipping or peeling from biological origins such as crabs 
(Ishikawa et al. 2004; Oji et al. 2003). As such any recording of edges that appear to be of 
biological origins are recorded under the bioerosion processes section (see section below). 
Other taphonomic processes such as burning/heating, abrasion, and corrosion may have also 
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contributed to any fracturing or fragmentation, therefore, any evidence that fragmentation 
was the result of any of these processes was thus recorded under their subsequent headings. 
 
 
 
Figure 5-5: Archaeological shell examples of different edge types 
Total
Fragmented
3 2
21
Total MNI/NISP = 3/2
Fragmented MNI/NISP = 1/2
Figure 5-4: Example of recording fragmentation rates with NISP and MNI values. 
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Sharp and irregular
Sharp and regular
Rounded and irregular
Rounded and regular
Figure 5-6: Differing edge descriptions recorded on archaeological 
shell 
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ii. Burning/heating 
The methods for the taphonomic recording of burning/heating were kept simple. Any 
burning/heating that was visually identified was recorded as 1) the location on the shell (see 
previous shell locations figure 5.3) and 2) the grade of burning/heating (based on colour and 
microstructure texture). The main macroscopic characteristics of burning/heating on a shell 
are the change in colour and thermal fracturing (see discussions in Chapter 3). Hairline 
fractures associated with burning/heating can also be a sign of thermal fracture. Based on the 
results from thermal experiments (Chapter 3) there are variations in colour and fracturing 
depending on species, temperature and method of cooking. Therefore, instead of trying to 
identify specific visual traces of temperature or cooking methods, a range was used to record 
the grade of burning/heating that the shell had undergone (table 5.2). The grade of 
burning/heating was categorised as partially burnt, minor, minor/medium, medium, 
medium/major or major (table 5.2). This categorisation was based on the colouration and 
microstructure of the shell surface. Each grade corresponds to a numerical value of 0.5 
increments to assist in data analysis. A minor grade is seen with a creamy colouration, while 
medium shows colours from brown to light grey, and major with dark grey, black, and white 
(figure 5.7) colourations. Similar grades of colouration/fracture within and between species 
suggests comparable methods and temperatures of burning/heating which can in turn be 
used to compare and contrast grade of burning/heating between spits/depths.  
 
Table 5-2: Numerical values for corresponding grade of taphonomic process recorded 
 
 
 
 
 
 
 
 
Grade Numerical value 
Minor 1 (only visual microscopically) 0.5 
Minor 1.0 
Minor/medium 1.5 
Medium 2.0 
Medium/Major 2.5 
Major 3.0 
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Figure 5-7: Examples of burning and heating on various taxa categorised under minor to major grades. 
Minor showing Nerita plicata (left and left centre), G. expansa (right centre), G. tumidum (right). 
Minor/medium showing T.setosus (left), P. maxima (centre), barnacle plate (right). Medium showing T. 
granosa (left), Asaphis violences (centre), G. expansa (right). Medium/major showing C. radiata (left), N. 
plicata (centre), P. maxima (right). Major showing Lambis sp. (left), Reishia bitubercularis (left centre), G. 
tumidum (right centre and right). 
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iii. Abrasion (Physical Processes) 
The processes of abrasion include physical processes that weather away the shell 
surface. Processes such as water-action, wind-action or sand blasting can cause smoothing or 
polishing of the exterior surface layer as well as small nicks or dents (Davies et al. 1990). Unlike 
chemical dissolution the new surface is as hard and durable as the old one (Davies et al. 
1990:347). The distinguishing features of abrasion are based on the texture of the shell 
surface, which is linked to weathering/modification from wind or water. This is seen by either 
porous or smooth surfaces (Davies et al. 1990). Natural modifications, such as sand blasting, 
remove portions of shell leaving small nicks. This shell removal can be found in distinctive 
parts of the shell that would be exposed more easily (Zuschin et al. 2003) e.g. the apex in 
gastropods. Rounding of the shell margin or broken edges can also indicate abrasion (Parsons 
and Brett 1991:44). Diagenetic processes include compaction from trampling, or shear from 
soil movement. Evidence of compaction can be seen by cracks in the shell (can be hairline 
fractures), whereas a deformed shell highlights shear (Zuschin et al. 2003:47). Identification 
of these traces from processes provides further information towards the cause and zones of 
fragmentation (Hammond 2014; Zuschin et al. 2003) occurring at a site. 
The previous location descriptions are used for recording abrasion (see figure 5.3) as 
well as the grade of presence (table 5.2). Identifying the location of specific processes on the 
shell can provide information on how the shell was deposited. For example, greater 
smoothing on the apex compared to the rest of the shell can indicate that the apex was 
exposed to greater environmental weathering and thus suggests the shell was orientated with 
the apex pointing upwards. Another common example of smoothing is focussed on the 
ventral surface of certain gastropods, which indicates drag marks from hermit crabs (Szabó 
2012). Further recording of this process was noted under Bioerosion processes. Other notable 
‘types’ of abrasion that were recorded included: presence or absence of natural shell 
colouration/patterns, scratches, outer layer removed, holes, and a defoliating layer (figure 
5.8). 
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Figure 5-8: Examples of Abrasion Processes on shell. Images taken of Golo Cave archaeological shell 
material. Surface smoothing occurring alongside dissolution in 4, 13 and 14. Recent chipping in 1. 
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iv. Chemical Processes 
There are three main chemical processes that leave traces on archaeological shell 
which are outlined in table 5.3. These taphonomic processes are caused by chemical reactions 
between the calcium carbonate shell material and external factors such as the surrounding 
sediment, water attributes (chemical and pH), temperature and humidity. The shell margin is 
sharpened and thinned by dissolution (Parsons and Brett 1991:44). Chemical dissolution is 
recognised by a chalky appearance and pitting on the shell surface (Davies et al. 1990). Pitting 
is recognised through irregular oval shapes (figure 5.9-2 to 5) that are different from the 
regular and circular bored holes (Davies et al. 1990). 
Recording the location of where traces of a chemical process occur on a specimen, 
along with the grade of the chemical trace, was undertaken the same way as previous 
processes (figure 5.3 and table 5.2). Once more, similarities or differences in location and 
grade within and between taxa can suggest continuity or variability in the how, what and 
when varying processes occurred. This in turn provides a better understanding of when and 
to what extent these natural processes impacted and transformed the site. 
 
Table 5-3: Varying chemical processes and subsequent traces on shell 
Process 
Acid Dissolution 
(rain) 
Leaching 
Organic 
(roots/leaves) 
staining 
Trace 
Chalky white surface 
or pitting into 
surface of shell 
Chalky white 
adhesions on surface 
Patches of 
orange/brown 
discolouration 
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Medium acid dissolution and pitting Medium dissolution patchyMedium acid dissolution and pitting (burnt shell)
Minor acid dissolution amplified after tunnelling
Major acid dissolution with possible leaching
Medium leaching patchy 
Calcium Concretion
Minor acid dissolution
Major Leaching
Acid dissolution with pitting and orange stainingOrange staining with chalky surfaceOrange staining and minor pitting on burnt shell
Minor pitting
Medium acid dissolution on surface
Minor/medium pitting and
 dissolution on interior surface
1 32
654
987
121110
13 1514
Figure 5-9: Examples of varying Chemical processes on shell. Scattered pitting and patchy areas of 
dissolution in 4-9. Staining alongside dissolution in 13-15. 
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v. Biological Processes 
Biological processes such as bioerosion and bioturbation affect shell structure and 
appearance from when the shell was alive until death and deposition (figure 5.10). Both pre-
depositional processes and post-depositional processes were recorded using standard shell 
locations (figure 5.3) and grade (table 5.2). For processes occurring after deposition, it is 
possible to uncover patterns in the biological decomposition and transformation of shell 
material with specific processes occurring at differing times/depths. Changes in grade or 
location can also hint at variation within and between taxa.  
Visual traces of pre-depositional bioerosion include macroboring and tunnelling 
(figure 5.10-5 and 6), peeling and hermit crabbing (see Chapter 2 for specific discussion on 
these processes). Differentiation between pre- and post-depositional biological processes 
allows for a clearer understanding of the formational processes affecting the degradation of 
archaeological shell in a site. The major biological process in terrestrial environments is 
bioerosion which is primarily caused by endoliths. Endoliths are microorganisms (e.g. 
bacterium, fungi, lichen, or algae) that bore into solid substrates (Gleason et al. 2017a:207) 
such as rock, coral, or shell in terrestrial and marine environments. Terrestrial fungi can bore 
into solid rock, sand grains, and shells (Gleason et al. 2017b) and are a ubiquitous component 
of microbial communities in any terrestrial environment (Gadd 2017). Fungi contribute to the 
formation and development of soil (Gleason et al. 2017a) and are likely present in any 
archaeological site; however, may not be visible by eye. Evidence of boring on shell is seen 
with a range of designs (see Buatois et al. 2017). A combination of macro-analysis and micro-
analysis with low powdered digital microscopy was undertaken to identify traces of boring. 
These traces were in the form of tunnelling on the shell surfaces. They were distinguished 
from pre-depositional boring due to traces found on both the interior and exterior shell 
surfaces, as well as on landsnails. 
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Sponge drill holes on exterior surface Tunnelling from microborers
Predation drill hole from gastropod
Crab peeling predation
Tunnelling and boring on interior 
surfaceTube worm attached to surface Tunnelling on exterior surface
Clionid sponge bore holes at centre 
with barnacle scars surrounding
1
54
32
7
6
8
Figure 5-10: Different biological traces from macro/microborers and predators. Large boring and drilling in 5 
and 8. Tunnelling on both interior and exterior surfaces in 2 and 6. 
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Table 5-4: Example of recording spreadsheet for taphonomy 
 
 
ID# Fragmentation Burning Abrasion Corrosion Bioerosion 
Location Edge Category Location Grade Location Type Grade Location Type Grade Location Type Grade 
SQF61COSP02 Apex 
(frag) 
Rounded, 
regular 
6 Whole 3 Exterior Abrasion 1 Exterior Pitting 0.5 Interior Tunnelling 1 
SQF65SL01 Aperture 
lip 
(missing) 
Rounded, 
regular 
1 Whole 3 Exterior Abrasion, 
fracture 
lines 
2 Exterior Dissolution 1.5       
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C. Data Synthesis 
An initial analysis of the quantification results and ecological habitats was undertaken, as 
this is the standard for midden analysis and provides a basis to compare higher resolution 
results with. Overall quantification results were also separated into specific shell 
types/groups: subsistence shell (determined based on species, shell size, and taphonomic 
alteration), landsnails, hermit crabbed, and other shell. This was undertaken to explore the 
differences in basic shell abundance, as well as the presence of specific taphonomic 
processes. For each of the processes, the most common type (abrasion, chemical, bioerosion) 
or edge (fragmentation) was designated to represent each spit. This was also done for the 
five dominant taxa to highlight any similarities within or between taxa. 
The results for each of the taphonomic groups were analysed (e.g. table 5.4) separately in 
terms of overall presence, type/edge, grade/category, and location. Using NISP values, the 
portion of material exhibiting each taphonomic group was presented as a percentage. This 
calculation of percentage was undertaken for each of the taphonomic processes 
(fragmentation, burning, abrasion, dissolution and bioerosion).  
For fragmentation the measurement of actual fragmented shell was compared to 
standard fragmentation rates through MNI/NISP values. 
The overall grade of each process for each spit was calculated by finding the median value 
based on NISP data. Furthermore, taxa specific median grades were also calculated which 
were based on both NISP and MNI data to highlight differences between the two 
quantifications. Statistical analyses were undertaken in Past3 and polynomial trend lines were 
used to indicate any trends in the fluctuating data. Box/jitter plots were used to represent 
the range of grade values recorded for all the specimens in each dominant species. For the 
box/jitter plots created to illustrate taphonomic comparisons of each species, the median 
grade value for each spit was used to create ranges for each taphonomic group. 
Total Taphonomic Grade (TTG) was recorded (Yanes and Tyler 2009) for all shell material 
based on NISP values. This TTG value is the sum of all NISP grades from all taphonomic groups, 
with a possible array of values from 0 (pristine) to 18 (poorly preserved). Median grade values 
for each taphonomic group were combined to give a total median grade for each spit, which 
gave the TTG ‘total shell’ values. Whereas, the median grade values for each of the five 
dominant species were summed to give a TTG for each spit. These five TTG values were 
averaged to provide the ‘dominant shell’ values that can be compared with the ‘total shell’ 
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values. For all the taphonomic grade values, the larger the sum the more taphonomically 
damaged the shell is. 
Following Davies et al. (1990) methods of analyses for location data, only whole or >90% 
(category 1) specimens were analysed to ensure comparability for burning, abrasion, 
chemical and biological processes. Higher resolution analyses of all specimens were 
conducted for fragmentation to explore patterns within and between species.  
A combination of programmes was used to analyse and visually represent the range of 
data on the taphonomy of Golo Cave: Microsoft excel, Past3, Adobe Illustrator, and Calib 14C. 
 
D. Conclusion 
This chapter provided the methodological approaches to recording and analysing the 
taphonomic processes present in the archaeological site of Golo Cave. These results are 
outlined and discussed in the following Chapter (6). Using a combination of recording and 
identification methods outlined in previous studies on taphonomic processes (outlined in 
Chapter 2), in addition to the results obtained from thermal and chemical experimental 
studies (Chapter 3 and 4) this chapter presented the unique methods used to identify and 
record taphonomy of archaeological shell material. Anthropic and non-anthropic taphonomic 
processes were separated into five different groups: fragmentation, burning, abrasion, 
chemical and bioerosion. Examination of these processes are analysed as both individual and 
connecting groups, as they occur discretely yet they also impact upon one another. This is 
presented in Chapter 6 and discussed further in terms of broad archaeological implications in 
Chapter 7. 
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6. TAPHONOMIC RESULTS FROM GOLO CAVE  
A. Introduction 
Results from the experimental studies on thermal influences (Chapter 3) and chemical 
dissolution (Chapter 4) have provided a greater understanding of how different variables can 
be visually identified on shell. These data, coupled with previous studies on taphonomic 
processes on shell (Chapter 2), have been incorporated and shaped into novel methods 
(Chapter 5) to enable high-resolution recording of taphonomic traces visible on 
archaeological shell material. It is in this chapter that the results from the taphonomic 
analyses of archaeological material from Golo Cave, Indonesia, are outlined and discussed. 
This is presented through detailed quantification of material and specific taphonomic results 
in regard to burning, fragmentation, physical, chemical, and biological processes. The 
relationship between taphonomic alterations and specific taxa are explored along with 
taphonomic patterning over time.  
Golo Cave is one of the oldest sites in the Indo-Pacific region exhibiting evidence of marine 
exploitation, it was excavated between 1994-1996 by Peter Bellwood and Gunadi 
Nitihaminoto (e.g. Bellwood 1998, 2000; Irwin 1998; Pasveer and Bellwood 2004). Despite 
detailed publications on the worked shell from Golo Cave (Szabó et al. 2007; Szabó and Koppel 
2015), there has been little research on the shell assemblage itself (Hull et al. 2019), 
particularly in terms of site formation. This chapter aims to provide greater understanding of 
the formation and transformation of the archaeological material through high-resolution 
analyses of the shell material. Results of the midden and taphonomic analyses are separated 
into basic midden quantification and ecological characteristics, as well as specific taphonomic 
process types: burning/heating, fragmentation, physical, chemical, biological. Combining 
each of these aspects with temporal data provides a higher-resolution understanding of the 
site. The interpretations from these results will be discussed further in Chapter 7 in terms of 
actualistic taphonomy in archaeology, preservation bias, the stages of deposition as well as 
methodological issues and as such the implications for archaeological research. 
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B. Golo Cave: Site Description and Contextual Information 
Golo Cave is located on the northern coast of Gebe Island (figure 6.1) and was originally 
excavated in 1994 (Bellwood 1998). It is roughly 60 m inland from the present-day beach, 
with the modern cave floor approximately 8 m above high-tide level and containing about 
250 cm of deposit (Bellwood 1998:249). Subsequent excavation, in 1995-1996, extended the 
study and opened further squares in two different areas of the cave (figure 6.2).  
 
The largest area/trench excavated included squares M4-7 (figure 6.3) which provides 
the deepest sequence (Bellwood 1998) and includes the shell midden material analysed in 
this thesis. Although the focus here is the analysis of shell material from square M4, the 
entirety of the site will be outlined to provide broader contextual information. 
Due to the lack of discernible stratigraphy, the site was excavated in arbitrary 5 cm 
units, with the recovered material dry-sieved through 2.5 mm mesh sieves (Bellwood et al. 
2019:19). Examination of the section walls after excavation revealed two sedimentary layers, 
1 and 2 (figure 6.3), along with a clear burial pit. Analysis of grain size distribution from LM6 
showed no major trend (Bellwood et al. 2019:20) apart from a slight increase in coarser grains 
in the lowest spits (220-230 cm). Munsell colour of the fractions of grain show a minor change 
from greyish brown (10YR5/2) at the surface to light grey at the base (10YR7/2) (Bellwood et 
al. 2019:20). Unfortunately, no pH values were recorded during the excavation, and thus any 
interpretations on sediment characteristics over time are limited to the Munsell and grain 
Gebe Island
Golo Cave
Indonesia
Papua
Australia
North Maluku
Gebe Island
N
Figure 6-1: Map showing location of Golo Cave, Gebe Island in the northern Moluccas. 
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size analyses as well as broad contextual information from the limestone cave setting. An 
attempt to answer questions pertaining to the formation of the site and deposition of 
material has been undertaken through analyses of charcoal and phytoliths (Bellwood et al. 
2019). Bellwood (1998:251) argues for four main phases of human occupation (table 6.1) 
based upon the vertical distribution of material. This is substantiated through a range of 
radiocarbon dates taken on shell and bone material (table 6.2).   
 
 
Previous studies on the worked shell from Golo Cave has revealed evidence for 
behavioural complexity in Southeast Asia between 32-28,000 years ago (Szabó et al. 2007), 
seen through the flaking of Turbo marmoratus opercula, repurposed Scutellastra flexuosa 
Figure 6-2: Map of Golo Cave excavation, featuring excavated squares and interior layout of the cave. 
Limestone bedrock features hatched in one direction. (from Bellwood et al. 2019) 
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limpet scrapers (Szabó and Koppel 2015) and worked Nautilus fragments (Parkinson 2016). 
Detail on the vertebrate remains recovered from Golo Cave can be found in Pasveer and 
Bellwood (2004), and more recently in Hull et al. (2014; 2019). Vertebrate remains were 
concentrated between 15-20 cm and 80-85 cm, and no animal bone was found below 135cm 
(Hull et al. 2019). Pot sherds were found in the upper layer (1) along with Cassis shell adzes 
(Bellwood 2019) and a human burial pit (LMN6). The human burial pit is associated with red 
ochre pieces found directly adjacent to and above it (figure 6.3) with greater detail outlined 
in Bulbeck (2019). The upper part of layer 2 (30-70 cm) contains the densest deposit of 
material (Bellwood 2019) which include shells, animal bones, flaked lithics, and cooking 
stones.  
 
 
Figure 6-3: Section drawing of squares M4-7 (after Bellwood 1998:249). Two stratigraphic layers. Burial pit in 
layer 1. Bellwood’s phases indicate a rough temporal separation of the sequence. 
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Table 6-1: Bellwood’s phases of occupation at Golo Cave, Gebe Island (Bellwood et al. 2019, 1998) 
Phase 1 c.36,000 to perhaps 25,000 BP – represented by the lower occupation at 
approximately 200 to 240 cm below ground level, in basal layer 2, with worked 
Turbo mamoratus opercula (Szabó et al. 2007), Scutellastra flexuosa limpet shells 
used as scrapers (Szabó and Koppel 2015), flaked stone, and use of volcanic and 
possibly coral cooking stones. 
Phase 2 c.25,000 to 11,000 BP – represented by intermittent occupation with construction 
of the stone circles and alignments towards the end of the phase, but otherwise 
with a diminished density of occupation in terms of shell and flaked stone. This 
phase straddled the Last Glacial Maximum, a period when many caves in Southeast 
Asia were unoccupied or only lightly occupied. 
Phase 3 Early and Middle Holocene, mostly between 8000 and 3000 BP – represented by 
upper layer 2, with bones of cuscus and wallaby (Flannery et al. 1995, 1998), the 
densest period of shell midden deposition, numerous flaked lithics and cooking 
stones, and possibly the burial of the Tridacna sp. And Hippopus sp. Adzes in pits 
dug in the cave floor. 
Phase 4 Post 3000 BP – represented by layer 1, with an extended and cranially deformed 
burial dated to about 2000 years ago and associated with prolific use of red ochre, 
caching of Cassis sp. Adzes and sparse pottery. By this time, wallabies had 
disappeared from Golo Cave, but their bones continued to be deposited in nearby 
Wetef rock shelter. Phase 4 can be classified as Neolithic. 
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Table 6-2: Dates obtained from Golo Cave, Gebe Island (after Bellwood 2019, Szabó et al. 2007, Szabó and Koppel 2015), Square M4 dates highlighted. * artefacts produced 
on subfossil shell. + updated marine13 calibration using Calib 7.0.2, 2 sigma, DR value of 0. 
Lab. Number Site and Layer or Depth (cm) 
C14 age BP 
(uncal.) 
OxCal 4.2 (IntCal 
13) at 95.4%, Delta 
R=0 (cal. BP) 
Δ13C (if 
measured) Material  Cultural Context 
ANU 11818 Golo Skeleton 1900±190 2314–1415   Human bone  Burial placed from base of layer 1 
OZD 773  Golo M6 30–35  9580±70  10,621–10,246  2.36 Cassis adze*  Using old shell for manufacture 
ANU 9448  Golo M5 45–55  3230±180 3900–2975  –26.4±0.2  Charcoal  Terminal preceramic 
ANU 9449  Golo M4 50–55  7400±110  8100–7641    Turbo sp. Preceramic 
ANU 11006 Golo M5 60–65  18,440±140 22,269–21474    Turbo sp.  Disturbance? 
ANU 36407 Golo 75–80  6745±45  7675–7516    Wallaby bone  Wallaby presence on Gebe 
ANU 36409 Golo 80–90  7050±60  7982–7738    Wallaby bone  Wallaby presence on Gebe 
ANU 9769 Golo M5 135–40  10,540±70  12,044–11,376  –1.9±0.2  Nerita sp.  Preceramic 
OZD 775  Golo M5 135–40  32,800±950  38,984–34,638  5.03 Tridacna adze*  Using old shell for manufacture 
ANU 9512  Golo M5 145–50  11,480±70  13,131–12,756  –3.0±0.2 Nerita sp.  Preceramic 
OZD 774  Golo M5 145–50  6480±80  7176–6771  2.95 Hippopus adze  Presumably buried in a pit 
OZN 896 Golo M4 170-175 29390±190 31,519-31,004+   Barnacle    
ANU 11053 Golo M5 185–90  19,080±140  22,919–22,285    Marine shell  Preceramic 
OZN 895 Golo M4 190-195 30960±190 32,754-32,365+   Barbatia amygdalumtostum   
ANU 11005 Golo LM6 190–195 7750±80  8369–8029    Turbo sp.  Disturbance? 
ANU 9768  Golo M5 195–200 9260±80  10,243–9794   Turbo sp.  Disturbance? 
Wk 17764  Golo M4 200–205  28,740±474  31,495-29,355+    Drupa clathrata Preceramic 
ANU 11007 Golo LM6 205–210 21,780±160  25,982–25351    Turbo sp.  Preceramic 
Wk 17761  Golo LM6 210–215 28,251±305  32,593–31,142    Turbo marmoratus operculum (artefact) Preceramic 
Wk 4629  Golo LM6 210–215  32,210±320  34,375-33042+   Turbo marmoratus operculum Preceramic 
ANU 9447  Golo M5 230–235A 31,030±400  35,390–33,910    Turbo sp.  Preceramic 
ANU 9447  Golo M5 230–235B 32,490±1070  39,003–34,173    Turbo sp.  Preceramic 
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Square M4 was originally excavated in 1994 to a depth of 70cm, then reopened and 
excavated to bedrock in 1995-1996 (Bellwood et al. 2019). In terms of the shell assemblage, 
the only complete sample of shell midden material retained and transported to Australia for 
analysis comes from the lower half of M4, from 140 cm to basal 250 cm (Hull et al. 2019.). 
Samples of shell were taken for dating from spits 120-140 cm, the upper half of M4, as well 
as the other squares (Hull et al. 2019). These samples were not recovered in a systematic 
manner, however, and are thus excluded due to their potential to skew the data. Particular 
spits between 145 and 185 cm are missing from the transported material. The on-site spit 
weights recorded for shell in square M5 (see Bellwood 1998:250) indicate the greatest 
presence of shell material in the upper Holocene deposits between 20-70 cm (Hull et al. 
2019). It is likely that there are similar shell densities in the neighbouring square M4, however, 
the lack of shell material retained for analysis means that the composition of the upper M4 
sequence can only be inferred from gross spit weights from M5. 
Only phases 1 and 2 (Bellwood 1998; 2019) are represented in the shell material 
retained and analysed for square M4. The chronology of the squares suggests the 
Pleistocene/Holocene transition occurred between 130-140 cm (Hull et al. 2019), which 
means that the assemblage analysed (140-250 cm) is primarily Late Pleistocene material. Due 
to the minimal changes in both colour and grain size (as detailed above) for the sediments, as 
well as the lack of pH recorded at the site, examination of the distribution and variability in 
archaeological material allows for a greater understanding of occupation phasing. Hence, the 
importance of a high-resolution taphonomic study on the shell midden material retained from 
M4. Analyses of the shell midden provides basic quantification and ecological data on the 
material but also delves into the various taphonomic traces left on each shell. The next section 
of this chapter will layout these results and highlight any patterns within and between 
different shell taxa, as well as any changes occurring at different depths.  
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C. M4 Shell Results  
i. Quantification 
Quantification of the shell from the available spits at Golo Cave reveals several peaks 
in all quantification measures, the main ones occurring between 195-210 cm and 225-230 cm, 
with minor peaks in total weight around 140-145 cm and 175-190cm (figure 6.4). These peaks 
are indicative of periods of increased deposition. The missing spit between 180-185 cm makes 
the possible peak around 175-190 cm questionable, whilst the possible peak at 140-145 cm 
is also restricted due to the lack of data on spits above 140 cm. This contrasts with consistent 
data for each 5 cm spit from 190 cm onwards, which highlights the two peaks at 195-210 cm 
and 225-230 cm.  Low numbers from 235-250 cm suggest minimal deposition of shell at the 
beginning of site occupation. Interestingly, the 225-230 cm peak is abrupt in formation 
compared to a more gradual increase for the 195-205 cm peak, which suggests a brief pulse 
in deposition at 230 cm followed by more sustained/greater deposition at 210 cm. This latter 
peak, however, abruptly decreases at 190-195 cm. Similarities between peaks for each of the 
measures highlights a basic trend in the data with correlations occurring in the same spits.  
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Figure 6-4: Shell material from Golo Cave quantified under Total spit weight (g), MNI (minimum number of 
individuals), NISP (number of individual specimens), and burnt NISP. Bars highlight peaks in the data.   
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Separation of the entire shell midden sample into different categories - subsistence 
(shell), other (shellfish), hermitted (shell), and terrestrial shell (landsnails) - also show similar 
peaks and troughs. The total MNI values were separated into these four categories to display 
more nuanced changes between spits (figure 6.5). An intensification of hermit crabbed shells 
is seen in spit 140-145 cm (figure 6.5) with minor quantities present in spits 150-155 cm, 175-
180 cm, 195-200 cm. 200-205 cm, and 225-230 cm. It is important to note that spit 150-155 
cm is entirely comprised of hermitted shells, indicating a period of stable surface and probably 
human occupation hiatus (figure 6.5). Landsnails are present in nearly all spits, however other 
shellfish are primarily located in spits 200-205 cm and 225-230 cm. Interestingly, landsnail 
values remain similar despite the larger increase in MNI values at 195-215 cm (figure 6.5). 
This separation of categories highlights the dominance of shell for subsistence purposes 
compared to other marine invertebrates (e.g. sea urchin) and introduced non-subsistence 
shell (hermitted and terrestrial).  
 
 
Experimental results outlined in Chapter 3 showed that cooking from burning and 
heating caused an array of weight loss in varying species. An average percentage of weight 
loss (6%) was calculated from all shell samples (n=80). This was used to adjust weights 
recorded for the archaeological shell material at Golo Cave (table 6.3). The following equation 
Figure 6-5: MNI values separated into different categories. Economic shell – left axis. Hermitted shell, 
Terrestrial/landsnails, and Other (non-subsistence shellfish) – right axis 
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was used to calculate the 6% loss in weight for burnt MNI and to adjust the archaeological 
shell weight to reflect weight before cooking.  
 
! = #$% &'( + 6 % &'100- + .$&'(' − %0 
 
Where:  ! = adjusted weight 
  &	= recorded weight 
  ' = MNI 
  % = Burnt MNI 
 
Figure 6.6 shows little variation in the recorded and adjusted weights for each spit. 
This model of adjusted weight is based on the entire range of species recorded in each spit 
and does not separate weights of different shell taxa. Specific averages of weight loss can be 
used for the five taxa used in the thermal experiment (T. granosa, G. expansa, S. glomerata, 
T. setosus, and P. maxima), however, of these taxa only Turbo setosus and Saccostrea spp. 
are (similarly) present in the Golo Cave shell assemblage. None of the Turbo setosus 
specimens at Golo Cave show evidence of burning/heating whilst only two specimens of 
Saccostrea spp., each from different spits, are burnt. As each individual shell was weighed 
during taphonomic analysis, adjusted weights can be calculated for these two specimens 
(table 6.4). Results also show little variation in the recorded and adjusted weights for this 
taxon. Acid dissolution experiments (Chapter 4) revealed minor weight loss over the short 
duration that the experimental ran. It is assumed that this percentage of weight loss will 
increase with time and greater dissolution. Further experimentation is needed to be able to 
model and adjust archaeological weights for both cooking and dissolution. 
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Table 6-3: Recorded and adjusted weights for each spit in the Golo Cave assemblage. 
Spit Recorded weight (g) MNI Burnt (MNI) 
Adjusted 
weight (g) 
140-145 194.1 71 29 198.9 
150-155 76.3 3 0 76.3 
160-175 79.3 20 3 80.0 
175-180 143.2 32 0 143.2 
185-190 182.3 28 6 184.6 
190-195 118.3 38 7 119.6 
195-200 454 217 162 474.3 
200-205 432.3 275 181 449.4 
205-210 355.5 168 82 365.9 
210-215 280.7 80 41 289.3 
215-220 83.3 33 9 84.7 
220-225 43.8 31 4 44.1 
225-230 145.6 91 29 148.4 
230-235 36.5 20 6 37.2 
235-240 53 29 12 54.3 
240-245 23 19 4 23.3 
245-250 5 5 1 5.1 
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Table 6-4: Adjusted weights for Saccostrea spp. MNI specimens from Golo Cave. 
Specimen Recorded 
weight (g) 
Average % 
weight loss 
Adjusted 
weight (g) 
200SSP01 5.5 7 5.88 
205SSP01 2.5 7 2.67 
 
ii. Ecology 
Analysis of the mollusc species identified in the overall assemblage shows four 
dominant marine taxa: Cellana radiata, Patelloida striata, Nerita plicata, and Scutellastra 
flexuosa (figure 6.7). C. radiata is the dominant species in each spit apart from 140-145 cm, 
where N. plicata dominates (figure 6.8). Gastropod species also dominate the assemblage 
with only 8 bivalve taxa represented out of a total 54 taxa. Shells in the Neritidae and 
Muricidae make up the majority of the gastropod taxa, however MNI values for these taxa 
are less than fifteen, which are relatively low numbers compared to the four dominant taxa. 
Saccostrea sp. has the highest MNI value (5) out of all bivalves, and are found between 195-
210 cm, 225-230 cm, and 240-245 cm (appendix J). Despite no non-repeating elements being 
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identified for barnacles and as such no calculated MNI, a number of fragmented plates were 
recorded (NISP= 99) throughout the sequence (appendix J).  
Ecological analysis reveals that these four species, as well as the majority of the 
assemblage, are found in the rocky upper intertidal zone (figure 6.9) (discussed further in 
Szabó et al. 2007; Hull et al. 2019). This pattern of dominance of rocky intertidal species is 
seen throughout the assemblage, especially around 195-210 cm where MNI and NISP counts 
are highest (figure 6.8). The terrestrial snail species Planispira kurri also has a substantial MNI 
value (figure 6.7) and is primarily present from a depth of 195 cm downwards (figure 6.8). 
Terrestrial species are the second most common zone (figure 6.9) in the overall assemblage 
and are seen in every spit apart from 150-155cm and the basal spit 245-250 cm (figure 6.10). 
Rocky upper intertidal shell makes up 84% of the total assemblage, whilst terrestrial is 11%, 
reef 3%, and sand 2%.  
 
 
  
Figure 6-8: The five dominant species present in M4, Golo Cave - distribution shown over site depth (after Hull 
et al. 2019.). 
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Figure 6-10: Habitat distribution of shell material from 140-250cm. MNI values used to show total values for 
each habitat zone for each spit/depth. 
140 150 160 175 185 190 195 200 205 210 215 220 225 230 235 240 245
Reef flat intertidal 7 1 2 0 1 1 6 3 4 5 2 1 3
Rocky upper intertidal 44 11 17 19 2 182 215 132 50 21 19 72 15 24 14 5
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Sand 1 3 2 5 4 2
Mangrove 1
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Figure 6-9: Pie chart showing representation of habitat zones within the M4 shell midden samples, Golo Cave. 
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iii. Landsnails 
As mentioned above, terrestrial snails are present throughout the assemblage with 
only spits 150-155 cm and 245-250 cm without landsnails (figure 6.11). Five taxa were 
identified to species: Planispira kurri, Videna hartmanni, Naninia aulica, Leptopoma gebiensis, 
and Papuina unicolor (see Hull et al. 2019 for more detail on identification). The consideration 
of whether these landsnails are self-introduced or collected subsistence-shell is unclear as the 
criteria for identifying the source of landsnails in a cave deposit are not all met (see Hull et al. 
2019). Hull et al. (2019) discuss this in more detail, however, the fact that the landsnails are 
of a relatively large size and are distributed through the assemblage casts doubt into whether 
they are self-introduced. It is possible that the landsnails were self-introduced if habitation 
was episodic, however better sampling across size classes and a greater understanding of the 
structure and composition of Gebe Island landsnails is needed (pers. comm. Szabó 2019). 
However, issues with the partial retrieval of M4 and lack of clear chronostratigraphy make it 
difficult to definitely infer purposeful collection of the landsnails for subsistence.  
Planispira kurri is by far the dominant species of landsnail present (figure 6.12) and is 
found in all spits containing terrestrial snails, apart from spits 190-195cm and 230-235cm 
where Naninia aulica is the only species recorded. Landsnail species diversity and richness is 
highest from spits 200-230 cm (figure 6.12), which corresponds with overall species 
abundance discussed above (figure 6.6). In addition, landsnail MNI values decrease from spits 
215-230 cm which also corresponds with the overall quantification data that shows a 
decrease in MNI (figure 6.1). The pairing of landsnail and overall shell abundance through the 
assemblage highlights the continued presence of terrestrial snails at this site with the 
percentage of landsnails ranging between 1 and 38%. Whether they are self-introduced or 
purposefully collected requires further analysis that will be explored through the taphonomic 
results below. 
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Figure 6-11: Bar graph showing values for MNI, NISP, and burning for landsnails. Data recorded for spits 
140cm to basal level, M4, Golo Cave 
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D. Taphonomic results 
i. Overall trend of taphonomic processes 
 Total assemblage results 
Along with standard quantification measures, specific indications of varying 
taphonomic processes were counted with totals for burning, fragmentation, abrasion, 
chemical, and bioerosion shown in appendix L. The basic presence or absence of 
fragmentation or burning was recorded, along with a range of different types of physical, 
chemical and biological traces. The most common taphonomic trace for each group was 
selected to represent the primary physical, chemical, and biological processes occurring in 
the assemblage. These primary traces include: external smoothing of the surface for abrasion, 
acid dissolution for chemical process, and terrestrial microboring (seen through tunnelling) 
for bioerosion; and are used to highlight the main trends occurring through the assemblage 
overall and in species-specific terms. Secondary traces include hairline fractures for abrasion, 
leaching for bioerosion, and hermit crabbing for bioerosion. These secondary traces are also 
presented and discussed in terms of overall and species-specific trends.  
A representative view of the percentage of each of the taphonomic processes (table 
6.5) shows high rates of fragmentation, abrasion, and chemical processes throughout the 
assemblage, whilst, low values in burning, and variability in bioerosion highlight greater 
patterning in the sequence. Peaks and troughs in percentages of each process show patterns 
in the material which correspond to specific depths (figure 6.13). Correlation of peaks and 
troughs are seen in spits 150-155 cm, 160-175 cm, 195-205 cm, 220-225 cm, 230-235 cm, and 
240-245 cm (figure 6.13) and suggest particular ‘zones of formation’. However, low sample 
size (table 6.5) for spits 150-155 cm and 240-245 cm calls into question the changes in 
percentage values, as it is ambiguous whether values from these two spits represent a real 
change. In contrast, the other four ‘zones of formation’ are distinct in change and NISP values 
for each taphonomic process. Patterns in each of the taphonomic groups, in terms of 
percentage and mean-grade values, are discussed below.  
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Table 6-5: Percentage values of each taphonomic process present in each spit. Based on NISP. 100% represents presence of process in all shell material. 
Depth 
cm 
Total Fragmentation Burnt Abrasion Chemical Bioerosion 
NISP Percentage NISP Percentage NISP Percentage NISP Percentage NISP Percentage NISP 
140 84 50.00% 42 33.33% 35 82.14% 69 75.00% 63 20.24% 17 
150 3 100.00% 3 0.00% 0 66.67% 2 100.00% 3 0.00% 0 
160 55 98.18% 54 18.18% 10 60.00% 33 94.55% 52 65.45% 36 
175 39 79.49% 31 0.00% 0 94.87% 37 97.44% 38 89.74% 35 
185 39 79.49% 31 15.38% 6 97.44% 38 94.87% 37 79.49% 31 
190 54 64.81% 35 12.96% 7 96.30% 52 96.30% 52 77.78% 42 
195 532 81.02% 431 41.73% 222 98.31% 523 98.12% 522 43.23% 230 
200 604 78.64% 475 38.74% 184 89.57% 541 99.67% 602 63.91% 386 
205 258 68.99% 178 33.33% 86 97.67% 252 94.19% 243 81.78% 211 
210 154 74.68% 115 29.22% 45 100.00% 154 100.00% 154 77.27% 119 
215 39 58.97% 23 25.64% 10 97.44% 38 100.00% 39 82.05% 32 
220 60 70.00% 42 6.67% 4 96.67% 58 96.67% 58 98.33% 59 
225 170 69.41% 118 18.24% 31 100.00% 170 98.82% 168 68.82% 117 
230 39 79.49% 31 30.77% 12 100.00% 39 53.85% 21 35.90% 14 
235 53 67.92% 36 30.19% 14 100.00% 53 92.45% 49 50.00% 24 
240 23 60.87% 14 17.39% 4 100.00% 23 100.00% 23 69.57% 16 
245 7 71.43% 5 14.29% 1 100.00% 7 100.00% 7 42.86% 3 
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The fragmentation percentage appears to decline gradually overall with increasing 
depth but remains high (>60%) apart from spit 140-145 cm with 53% (figure 6.13). Conversely, 
median grade results (figure 6.14) show the fragmentation grade increasing overall with 
increased depth, with an abrupt spike at 160-175 cm. As outlined in Chapter 5, grade values 
were given to each specimen; from 1-3 (minor-major) and indicates the intensity of the 
taphonomic trace present 
Percentage results show low numbers of burning throughout the assemblage (<40%) 
with minor peaks at 160-175 cm and 185-190 cm, and greater peaks at 195 cm and 230 cm 
(figure 6.13). Median grade results show high values for burning, where present, throughout 
the sequence, with major (3) peaks at 160-175 cm, 185-190 cm, 210-220 cm, and 230-235 cm 
(figure 6.13).  
 
 
 
Both abrasion and chemical processes show little percentage variability through the 
sequence, apart from a decrease in abrasion at 150-155cm and decrease in chemical at 230-
235cm (figure 6.12). This pattern is also seen in the median grade results for abrasion and 
chemical processes (figure 6.14). All the grade values were collated for each spit and process 
to provide median grade values which are presented here (figure 6.14). 
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Figure 6-13: Percentage of material showing specific taphonomic processes for each spit, M4, Golo Cave. Based 
on NISP values. Highlighted bars show periods of sudden increase or decrease in percentage values indicating a 
distinct variation in the nature of shell deposition or decomposition (i.e. zones of transformation). Yellow bars 
are questionable due to sample size issues. 
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Finally, bioerosion percentages fluctuate throughout, and interestingly somewhat 
mirrors the peaks and troughs of burning percentages (figure 6.13). As these values are based 
upon the presence of terrestrial bioeroders, this may suggest that bioeroders are directly 
impacted by thermally altered shell, specifically that bioeroders consume burnt shell to a 
lesser degree. A relatively even trend in the median grade results (figure 6.14) indicates that 
a rather stable phase of time and/or bioeroder populations was present.  
 
 
 Separation of shell types 
MNI values were further separated into differing categories to explore the differences 
in taphonomic processes on subsistence and non-subsistence shell (see appendix K). The 
‘other’ shellfish category is not considered here due to the ambiguity of the taxa in this 
category as well as the lack of NREs present. Specimens with non-repeating elements are the 
focus for analysing and comparing the results between categories. Unlike the MNI values 
presented in the appendix (K) table, the MNI values presented in tables 6.6-6.8 do not include 
the taxa with no NRE’s. These NRE-only MNI-values are presented here as they represent 
individual specimens that have been given unique identification labels. The most commonly 
recorded location and process are indicated below (tables 6.6-6.8), along with the median-
grade and percentage of material presenting each process. Fragmentation median-grade 
values are halved from the original category value for ease of comparability between the 
different groups (tables 6.6-6.68).  
Depth cm Fragment Category Burning Degree Abrasion Degree Chemical Degree Bioerosion  Degree
140 1 1 1 1 2
150 1 0 1 0.5 2
160 5 3 1 1 1
175 2 0 2 1 1
185 2 3 2 1 1
190 3 2 2 1 1
195 3 2.5 2 1 1
200 5 2.5 2 1 1
205 4 2 1.5 1 1
210 6 3 1.5 1 1
215 5 3 1.5 1 1
220 5 3 1.5 1 1
225 5 2 1.5 0.5 1
230 4 1.75 2 1 0.5
235 5 3 2 1 0.5
240 3.5 2 2 1 1
245 6 2 2.5 0.5 0.5
Figure 6-14 Median grade recorded for each taphonomic process for each spit, based on NISP values from M4 
shell assemblage 
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There are a number of similarities between each of the shell categories, particularly 
between subsistence shell and landsnails (table 6.6 and 6.7). The major differences are the 
lack of burning present in landsnails as well as the chemical and biological processes 
impacting a greater surface-area on landsnails than subsistence shell. Hermitted shell (table 
6.8) has the most distinctive results, with the varying alterations to the shell caused by the 
hermit crab. Szabó (2012) found similar traces of hermit crabs altering the morphology of a 
shell such as abraded drag marks on the exterior surface, reshaping of aperture edges and 
abraded/scratched interior surfaces. 
 
 
 
 
n=950 Location Edge Present Percentage Median grade Process
Fragmentation Aperture/margin
Sharp, 
mixture 524 55% 1
Fracturing of 
aperture/margin 
Burning Whole NA 269 28% 2 Burning
Abrasion Exterior NA 939 98% 1.5 Smoothing of surface
Chemical Exterior NA 934 98% 1 Dissolution
Biological Interior NA 791 83% 1 Tunnelling
Table 6-6: Overall taphonomic processes affecting subsistence shell, N value based on MNI 
specimens with NRE only=950 
n=86 Location Edge Present Percentage Median grade Process
Fragmentation Aperture Sharp, mixture 65 75% 1
Fracturing 
of aperture 
Burning NA NA 0 0% NA NA
Abrasion Exterior NA 69 80% 1
Faded 
colour and 
smoothing 
of  surface
Chemical Whole NA 80 93% 1 Dissolution
Biological Whole NA 85 99% 1 Tunnelling
Table 6-7: Overall taphonomic processes affecting Landsnails. N value based on MNI specimens 
with NRE only =86 
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Comparison of the median-grade recorded for each of the taphonomic processes 
(figure 6.15) highlights similar values between the shell categories, with variation between 
categories represented by 0.5-1 grade difference. Apart from the lack of burning, landsnail 
grades are consistent between differing processes, unlike the fluctuations seen in the 
subsistence and hermitted categories. These results suggest that different categories of shells 
are being affected by taphonomic processes in distinctive ways. 
 
 
Figure 6-15: Graph showing the median-grade of each taphonomic process, separated into different 
categories of shell (subsistence, landsnail, and hermitted). 
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Shell Landsnails Hermit
n=30 Location Edge Present Percentage Median grade Process
Fragmentation Aperture Mixture 22 73% 0.5
Fracturing of 
aperture edges from 
hermit crabs
Burning Whole 6 20% 1.5 Burning
Abrasion Side/bottom body 27 90% 2
Smoothing (drag 
mark)
Chemical Whole exterior 24 80% 1 Dissolution
Biological Interior aperture 25 83% 2
Scratches from 
hermit crab
Table 6-8: Overall taphonomic processes recorded for hermit crabbed shell. N value based on MNI 
specimens with NRE only=30 
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 Summary of overall taphonomic results 
Overall taphonomic alteration percentage and grade results reveal four main ‘Zones 
of Transformation’ at 160-175 cm, 195-205 cm, 220-225 cm, and 230-235 cm, with a minor 
transformation at 210-215 cm. Separation of the midden material into specific shell 
categories has shown that each shell category is impacted by taphonomic processes at 
differing intensities with unique locations, traces and percentages for each variable. 
These taphonomic results provide a basic overview of trends occurring in the 
assemblage and provide a starting point to explore in further depth the impact of taphonomic 
processes on shell. Greater resolution on how specific taphonomic processes affect certain 
species of shell is outlined in the ensuing section. Results from each of the taphonomic groups 
will be discussed in terms of the five dominant taxa recorded for this assemblage: Cellana 
radiata, Patelloida striata, Nerita plicata, Planispira kurri, and Scutellastra flexuosa (figure 
6.16).  
 
 
 
Figure 6-16: Most common mollusc species present in the Golo Cave assemblage. Left 
top) Cellana radiata, Left middle) Patelloida striata, Left bottom) Planispira kurri, Right 
top), Nerita plicata, Right bottom) Scutellastra flexuosa. (Images from 
www.conchology.be)  
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ii. Burning taphonomic processes 
This section outlines the results for the traces of burning processes recorded, which 
are presented through percentage (proportion of material showing presence) and grade 
(intensity of trace present) for both the overall assemblage as well as individual species. 
Location results also provide an idea of the most common site of the shell that is affected by 
burning. Overall percentage values of burnt shell based on NISP and MNI values are relatively 
similar (figure 6.17); all less than 40%. Median values for the overall grade of burning recorded 
in each spit show an increasing trend (figure 6.18) that plateaus around 195-235 cm and 
decreases slightly in the last 10 cm of the sequence. The greatest variability in the grade is 
seen between 140-190 cm where large peaks and troughs (no burning present) occur. 
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Figure 6-17: MNI and NISP percentages of burnt shell present within each spit. 
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Figure 6-18: Overall median grade of burning through the sequence (NISP) with polynomial 
trendline 
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Out of the five main taxa that dominate the assemblage, only four show evidence of 
burning (figures 6.19 and 6.18). Each of these four taxa show different percentages of burning 
(figure 6.19 and 6.20), with Cellana radiata showing the lowest percentage overall and a 
relatively constant trend throughout the sequence apart from peaks at 140-145 cm and 160-
175 cm for NISP (figure 6.19). The lack of visual markers of burning on Planispira kurri may be 
due to this taxon’s fragile and thin shell, or may indicate minimal - if any – cooking, or natural 
rather than human deposition. Experimental cooking studies would need to be undertaken 
on Planispira and other terrestrial snail species to fully understand how these shells are 
affected by burning and heating. Unfortunately, this was not possible in this thesis due to 
logistics and time constraints.  
The overall polynomial trendline (best-fit second-order trendline used for fluctuating 
data) for NISP and MNI percentage of burning are similar despite some minor differences in 
values (figure 6.19 and 6.20), which reflects the similar overall percentage values and 
indicates a correspondence between burning and fragmentation processes. 
Patelloida striata has a similar overall percentage for NISP and MNI for burning, where 
they increase with greater depth (figure 6.19 and 6.20). Spits 210-215 cm and 225-230 cm 
show the lowest percentages for P. striata which contrasts with the highest percentage at 
spit 235-240 cm. Interestingly, Nerita plicata, shows a straight line for percentage, which 
indicates a consistent level of burning throughout the sequence (figure 6.19 and 6.20). There 
are four distinct occurrences of burnt N. plicata: 140-145 cm, 195-215 cm, 225-230 cm, and 
235-245 cm (see shaded bars in figures 6.19 and 6.20); all of which show similar percentages 
of burning with values between 25-60%. Finally, Scutellastra flexuosa percentages show an 
increasing then decreasing trendline (figures 6.19 and 6.20) with values ranging between 25-
58%, bar a 100% burning rate at 215-220 cm. The trendlines plateau around 50% between 
195-215 cm (figures 6.19 and 6.20) with MNI values showing greater consistency compared 
to NISP. 
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Figure 6-19: Percentage of NISP burnt for each species over each spit. Shaded bars highlight distinct occurrences 
of burning that contrast with absence of burning in some spits. 
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Figure 6-20: Percentage of MNI burnt for each species over each spit. Shaded bars highlight distinct 
occurrences of burning that contrast with absence of burning in some spits. 
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Despite low percentages of burnt C. radiata, this species has the greatest range of 
grades of burning present (figure 6.21). The only occurrence of burnt shell in spit 140-145 cm 
is seen with C. radiata and N. plicata which both have median values of 1 (minor), however 
their ranges vary – C. radiata = 0.5-1, N. plicata = 1-3 (figure 6.21). This is likely due to sample 
size (C. radiata = 7, N. plicata = 15) rather than percentage values (C. radiata = 64%, N. plicata 
= 38%) and highlights the basic differences between species counts.  
P. striata and S. flexuosa occur in fewer spits in the sequence compared to C. radiata 
and N. plicata (figures 6.19 and 6.20), however, their range in grades vary considerably more 
(figure 6.21). As NISP and MNI values are very similar for both these species (figure 6.21) and 
percentage values fluctuate only minimally, the variability in grade ranges between spits for 
P. striata and S. flexuosa suggests direct changes in the burning of the shell. This may either 
be from changes in human behaviour (i.e. cooking) or differences in shell size.  
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Figure 6-21: Burning grade range for species (based on NISP counts) – note that only spits with species 
present are represented 
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The median value from all the grades was calculated for each species based on both 
NISP and MNI counts, with results showing varied patterns between species (figure 6.22). 
NISP and MNI values show similar trends for P. striata, N. plicata, and S. flexuosa, however, 
C. radiata values differ with MNI median-grade values increasing with greater depth. The 
similar trends in the NISP and MNI values suggests that burning of these species was relatively 
similar within and between spits. In contrast, C. radiata shows dissimilar trendlines and values 
between NISP and MNI indicating a relationship with fragmentation. Overall, the species 
median values fluctuate between medium and major (2-3) grades, apart from C. radiata, 
where values primarily occur between minor and medium (1-2) grades (figure 6.22). 
Polynomial trendlines show increasing values that peak around 190-210 cm then decrease or 
plateau in grade with greater depth (figure 6.22). N. plicata median grade values (figure 6.22) 
show an increase in grade from the first occurrences at 140-145 cm (minor) to the three 
deeper occurrences between 195 and 245 cm (medium/major). These three occurrences 
plateau around medium and major (2-3). S. flexuosa results show a stable median grade 
(medium/major) apart from minor burning at 190 cm and 215 cm (figure 6.22) which 
corresponds to the lowest and highest percentages recorded respectively (figure 6.19-6.20). 
Figure 6-22: Median grade of burning for each species with polynomial trendlines indicating basic 
trends in the data 
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Looking at both the percentage and grade results, there is greater variability between 
the different species in terms of trends in percentage of burning than the grade of burning. 
Comparing and contrasting the different species also reveals interesting results, with C. 
radiata standing out from the other three species; showing a constant percentage trend, yet, 
a variable grade trend - both in terms of NISP and MNI values but also a lesser grade of burning 
compared to P. striata, N. plicata, and S. flexuosa. This difference in C. radiata is significant 
when considering that the results of the other two limpet species, P. striata and S. flexuosa, 
are so similar for both percentage and grade of burning. Further exploration of the other 
taphonomic processes may provide a clearer explanation of these results. 
iii. Fragmentation process 
The recording of fragmentation was undertaken with standard MNI and NISP counts 
which are given as a ratio (Total MNI/NISP), whilst the individual specimens that actually show 
evidence of fragmentation (missing shell) were counted and given as a ratio (Fragmented 
MNI/NISP). MNI/NISP was chosen over NISP/MNI as the trendlines/value lines were exactly 
the same for either method; the only difference is the y axis. By using MNI/NISP the ratio 
could be represented as a value between 0 and 1, rather than between 1 and infinity.  
Comparing the two ratios of MNI:NISP as a measure of fragmentation reveals similar 
trends throughout the sequence with identical ratios between 140 and 195 cm (figure 6.23). 
This only deviates at 185-190 cm, with the fragmented MNI/NISP ratio closer to 1 compared 
to the total MNI/NISP ratio (figure 6.23). However, total MNI and NISP quantification over-
estimates the ratio for the majority of the sequence, specifically from 200-250 cm, as the 
fragmented shell value is a portion of the total shell material. The two ratios reveal that 
greater fragmentation occurred with increased depth which plateaus out between 200 and 
225 cm (shown through polynomial trendlines on figure 6.23). Spit 160-175 cm shows a large 
increase in fragmentation with the lowest ratio value. The overall trend of shell material 
shows low fragmentation rates at 140-145 cm then spiking at 160-175 cm, followed by low 
fragmentation at 175-185 cm (figure 6.23). This decreases gradually at 190-195 cm and 
plateaus between 205-250 cm. Minor decreases in fragmentation are evident at 205-210 cm, 
215-220 cm, and 240-245 cm.
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Figure 6.24 shows how much of the quantified material is actually fragmented, 
through percentage, by dividing the recorded fragmented value by the standard 
quantification value for both MNI and NISP (appendix L). Therefore, if the MNI value is 8 but 
only 4 individuals showed evidence of fragmentation then the percentage would be 50. 
Results reveal a gradual decrease in the fragmentation percentage with increased depth, 
which can be seen both in MNI and NISP values (figure 6.24). MNI and NISP values remain 
similar and only deviate from one another between 200 and 250 cm (figure 6.24). These two 
graphs show that fragmentation increases with depth in terms of the ratio of MNI to NISP, 
whereas the percentage of material that is actually fragmented decreases with depth. This 
indicates that whole shells fragment into more pieces with depth, however, the number of 
whole shells fragmenting decreases with depth. The category results below discuss this 
further.  
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Figure 6-23: Ratio of MNI to NISP, 1 = no difference/ no fragmentation. Total MNI/NISP refers to basic 
quantification numbers, whereas Fragmented MNI/NISP refers to material counted as fragmented. 
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  199 
 
Overall location results for fragmentation have been covered in the section above 
concerning the different shell categories (tables 6.6-6.8). Data on the specific location and 
edge results for the five dominant species are presented in the appendix (M) but overall there 
are few changes between spits (based on MNI specimens only). C. radiata and P. striata 
fragmentation primarily occurs at the margins with edges showing rounded and regular 
breakage. The third limpet species, S. flexuosa, shows the anterior margin primarily missing 
with sharp and regular edges. Fractures are focussed around the aperture and body for N. 
plicata whilst the edges alternate between sharp and rounded, and regular and irregular in 
different spits. Finally, P. kurri shows sharp and regular edges with fractures occurring around 
the aperture and body (see appendix M for more detail). 
As covered in Chapter 6, category values were given to each specimen to highlight the 
intensity of fragmentation on individual shells, similar to grade values. Values are based on 
the percentage of shell missing with a greater value equivalent to greater fragmentation: 
Category 1-6 (1-99%). These category values were in turn collated for each spit to provide 
median values that represent the overall intensity of fragmentation present. The overall 
median category recorded for each of the spits shows a trendline that gradually increases in 
category value with greater depth (figure 6.25) and plateaus between 215 and 250 cm. A peak 
occurs at 160-175 cm then subsequently troughs at 175-190 cm. Both the ratio and median 
category results (figures 6.23 and 6.25) show similar trends, as well as peaks and troughs in 
the distribution. As greater category values equate to smaller fragments and higher NISP 
values, then larger values for quantification are expected which ultimately impacts the ratio 
values.  
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To better understand these results, it is necessary to analyse the fragmentation of 
specific taxa to determine any patterns within spits or specific variations in individual species. 
Once again, the five most abundant taxa from the assemblage have been selected and 
analysed.  
C. radiata, the most abundant species found throughout the assemblage, shows a 
large inter-quartile range (IQR) and quartile range for categories throughout the sequence, 
with spits 160-175 cm and 215-220 cm showing the smallest IQR and quartile range (figure 
6.26). The IQR and quartile ranges provide an overview of the variability of fragmentation 
occurring for all specimens in each spit. P. kurri also has large IQR and quartile ranges for the 
most part, with 140-145 cm having a minor IQR whilst 185-190 cm and 235-240 cm have no 
range at all (due to repeating values and single individual). Large quartile and IQR occur 
between 195-210 cm for S. flexuosa, however small ranges (between 0-2) occur for the spits 
above and below this area (figure 6.26). An interesting rise in category value with quartile and 
IQR is seen in the N. plicata results with the IQR itself shrinking (0-1) from 195 cm onwards. A 
maximum quartile range at 225-230 cm breaks this restrictive pattern and suggests a peak in 
fragmentation. Finally, P. striata has the lowest quartile and IQR bar from spits 200-205 cm 
and 235-240 cm. The differences in quartile and IQR appear to correspond with the two main 
peaks/occurrences of P. striata in the sequence. 
Overall, the range results suggest that C. radiata shells fragment more easily and 
perhaps more randomly than the other four species, particularly P. striata with the smallest 
quartile and interquartile ranges (figure 6.26). Experimental fracture tests on the Golo Cave 
limpets (Szabó and Koppel 2015) found that C. radiata tended to break into a greater number 
Figure 6-25: Median grade of fragmentation for each spit based on NISP. 1-6 = lowest to highest categories 
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of smaller fragments than the other limpet taxa (pers. comm. Szabó 2018). Fracturing in 
Cellana spp. is also complicated by shearing between microstructural layers (pers. Comm. 
Szabó 2019). 
 
The MNI median-category-values are less than the NISP median-category-values and 
the trendline shapes are similar to the NISP values for each species (figure 6.27) which reflects 
a greater preservation of individual mollusc fragments that include diagnostic (NRE) features. 
This is especially seen with much greater NISP median-category-values for C. radiata and 
indicates greater weakness in non-diagnostic portions of this taxon compared to the others. 
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Figure 6-26: Fragmentation category range of values for 5 most abundant species (based on NISP values) 
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A stronger manifestation of this trend occurs with P. kurri, where NISP values drastically 
increase with depth, which contrasts with the stable MNI values (figure 6.27). Each taxon 
shows a gradual increase in fragmentation median-category-value with increased depth, with 
S. flexuosa the only taxon that decreases in category-value after 195cm, then increases (only 
for MNI) once more at 215 cm. N. plicata shows the steepest increasing trend for NISP and 
MNI (figure 6.27). C. radiata and P. striata values remain relatively stable for both NISP and 
MNI, whereas P. kurri sees NISP values rise steeply with increased depth (figure 6.27).  
Minor increases in median-category-values from one spit to the next may suggest size 
sorting (from water or wind – see Chapter 2), whereas larger differences indicate greater 
fragmentation (from trampling or sediment pressure for example). These minor increases are 
seen for the majority of the taxa and spits, however P. kurri shows large differences in NISP 
median-category-values for each spit between 190 and 215 cm (figure 6.27).  
As P. kurri MNI median-category-values remain relatively similar, the changes seen 
between spits for NISP median-category-values indicates periods of increased 
occupation/trampling that primarily impact weaker/thinner parts of the shell that are also 
non-diagnostic (non-countable for MNI). If the landsnails are natural and self-introduced to 
the site, then it is assumed that they would have accumulated during hiatuses in occupation 
(Szabó 2016), which would suggest that the shell encountered little trampling and thus less 
fragmentation. The MNI values for P. kurri substantiate this, however the increasing NISP 
values and divergence of MNI and NISP trendlines suggests once the shell is broken it 
fragments into smaller pieces easily. As the NISP trendline increases with depth it can be 
assumed that sediment pressure is playing a role in the fragmentation process for this species 
(figure 6.27). 
Taking each of the percentage, ratio, category range, and median category results into 
account it is clear that each of the five dominant species fragments to varying degrees through 
the sequence. It can be argued that the variable results between species are due to the 
differences in microstructure (see discussion in Chapters 3 and 4), varying taphonomic 
processes impacting the structure, as well as a combination of both. Greater divergence of 
NISP and MNI category trendlines can be interpreted as greater weakness in the shell 
structure as structural integrity is lost more easily once broken (e.g. C. radiata and P. kurri). 
C. radiata remains relatively constant throughout the sequence in terms of the intensity of 
fragmentation, whereas, the other four species are more variable. P. kurri, in particular, 
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shows the greatest increase in fragmentation with depth (NISP) suggesting that this species 
is structurally more likely to break. This may also be the case for N. plicata, however, as the 
NISP and MNI trendlines are similar it is more likely that another taphonomic process is 
impacting the increased fragmentation at deeper spits (e.g. burning). 
 
The small category range for these deeper spits (figure 6.26) also suggests a more 
uniform process than trampling occurring, as it is expected that trampling will show greater 
differences between NISP and MNI values as well as a greater range of values (e.g. C. radiata). 
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Figure 6-27: Fragmentation median category values (NISP and MNI) for the 5 dominant taxa. 
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Further investigation into the other taphonomic processes affecting these species needs to 
be considered to understand the cause of fragmentation occurring in this site, as processes 
such as burning, meat extraction, and hermit crabbing may be impacting the way these shells 
are breaking. 
iv. Physical taphonomic results (abrasion) 
The percentage of material presenting traces of abrasion is shown for each spit below 
(figure 6.28) and highlights the similarity of NISP and MNI values. Nearly 100% of the shell 
material exhibits abrasion through the sequence apart from troughs in the distribution at 150-
155 cm and 200-205 cm. The first trough is due to low sample size at 150-155 cm (NISP =3), 
all specimens of which are primarily hermit-crabbed (see bioerosion results below for more 
details). The second trough is minor and due to terrestrial snail species showing little evidence 
of abrasion. This may be due to the ease of fragmentation for these taxa, as seen in the MNI 
and NISP values, or may also be linked to chemical or biological processes as there is no 
evidence of fresh breakage. Overall, there is a minor increase in abrasive processes with 
increased depth (figure 6.28). 
 
A similar trend is seen with the median grade of abrasion for NISP (figure 6.29). The 
increase in grade is minor with increased depth, ranging from values of 1 (minor) to 2.5 
(medium/major). Changes in median grade are also minor between spits (0.5 grades) 
excluding spits 160-175 cm to 175-180 cm where the grade increases by 1.0. This minor 
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increase in the grade-of-abrasion may be linked to the duration of the deposit as greater 
depth roughly corresponds to an increase in time, however thorough analyses of species-
specific results need to be considered to see if there is depositional patterning. 
 
 
Once again, C. radiata has a consistent range of grades recorded abrasion (figure 6.30) 
with interquartile ranges remaining between minor and medium (1-2) whilst quartile ranges 
fluctuate between very-minor and major (0.5 and 3). Furthermore, only a 0.5 shift in grade is 
seen in the IQR for spits 160-175 cm (decrease), 230-350 cm, and 240-250 cm (increase), 
suggesting minor fluctuations in the grade of abrasion. 
The interquartile ranges for P. striata are also mostly stable with values focussed 
around medium to high (2-3) grades, apart from 185-190 cm and 195-200 cm (<0.5 grade 
difference in the interquartile range). However, even smaller IQR (2.0-2.5 or 2.5-3.0) for some 
spits suggest very minor changes in grade from spits 205-245 cm. 
N. plicata interquartile ranges remain between minor and medium (1-2) grades with 
quartile ranges also remaining small (figure 6.30). Spits 160-175 cm and 195-200 cm are the 
only two that deviate from the reduced interquartile range of minor to medium (1-2) for P. 
kurri, with the majority of spits having no range at all. The majority of S. flexuosa interquartile 
ranges are focussed between minor/medium and medium/major (1.5 and 2.5) with these 
spits grouped between 190-215 cm with outliers at 185-190 cm and 215-220 cm (figure 6.30). 
It is interesting that only a few species share the same outlier spits: C. radiata and P. kurri at 
160-175 cm, and P. striata and P. kurri at 195-200 cm. The minor fluctuations in the ranges-
of-grade recorded for each species suggests little variability over time and with depth. 
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Figure 6-29: Overall median grade of abrasion record for NISP 
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Examination of the median grade values (figure 6.31) concur with there being little 
variation in abrasion through the assemblage for both NISP and MNI values. This only differs 
when looking at C. radiata median values and trendlines (figure 6.31), which show an increase 
in grade of abrasion with increased depth (from minor to major).  
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Figure 6-30: Abrasion grade range (NISP), species present in differing spits. 
  207 
 
 
The other four species, however, have varying grades of abrasion which are distinct 
from one another, with P. striata showing the highest grade (2-3), followed by S. flexuosa (1-
2.25), N. plicata (1-2), and P. kurri (0.5-2). These results suggest that differences between 
species, rather than spits/depth of material, plays a greater role in the intensity of abrasive 
processes and/or the traces of these left on shell. 
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Figure 6-31: Abrasion median grade, polynomial trendlines showing rough trend in data for NISP and MNI 
values. 
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v. Chemical taphonomic results (dissolution) 
Like abrasion, the percentage of material showing evidence of the action of chemical 
processes remain high throughout the sequence (figure 6.32). Overall, the trend for both NISP 
and MNI show a consistent flat line, excluding slight decreases in percentage for NISP around 
205-210 cm and 225-250 cm (figure 6.32). 
 
A similar flat trend is seen with the median grade results (figure 6.33) for the traces of 
chemical processes. There are minor troughs at 150-155 cm, 225-230 cm, and 245-250 cm 
(base), however they only decrease by 0.5 grades (figure 6.33) from the flat grade line (1). 
Statistical analysis (single sample t test and Wilcoxon test) shows that the decreases in median 
grade are not statistically significant (t= 0.03, p= 0.97: W =105, p= 0.15), therefore a stable 
grade of minor (1) acid dissolution is seen in the entire sequence.  
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Figure 6-32: Percentage of material showing evidence of chemical processes 
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Figure 6-33: Overall median grade of chemical processes at each spit, identified using NISP values 
  209 
The interquartile range (IQR) for C. radiata is small for all spits, whereas the quartile 
range is larger and usually covers two grades (figure 6.34). The smaller IQR for C. radiata 
shows that the data are more consistent around the median than the other four species. Spit 
140-145 cm exhibits the greatest variability in quartile and IQR compared to the other spits, 
which suggests a peak in the intensity of acid dissolution at 140-145 cm. Evidence of hermit 
crabbing in this spit also indicates that this level was a stable non-accretionary surface at some 
point (as discussed in ecology section above). 
N. plicata is the only other species that shows evidence of chemical dissolution for this 
spit (figure 6.34), and also has a similar pattern of quartile and interquartile ranges, however 
N. plicata is skewed more to the left than C. radiata. This is seen by the larger grade ranges 
from spits 140-205 cm, which is then followed by stable and small (0.5-1 grade) ranges for the 
remaining spits down to 245 cm. This pattern clearly highlights a decrease in overall grade of 
dissolution with increased depth.  
A similar pattern can also to seen with P. striata, however this species has greater 
fluctuating ranges, particularly seen by large increases in quartile and interquartile ranges at 
spits 215 cm and 220 cm (figure 6.34). Fluctuating quartile and interquartile ranges for 
dissolution are also seen in S. flexuosa, with spits 175-180 cm and 195-200 cm the major 
outliers. Planispira kurri results reveal a peak in IQR and quartile range occurring at 220-205 
cm (figure 6.34). Fluctuations still occur within this trend; however, deviations are minor 
(between 0.5-1 grade). 
The median grade results show similar patterns within and between species (figure 
6.35). C. radiata and N. plicata have similar polynomial trendlines that decrease slightly with 
greater depth. The only difference between the two species (apart from the number of 
points) is the grade values, with C. radiata being 0.5 grades greater than N. plicata. A steeper 
decreasing trend with depth is seen with P. striata, where both NISP and MNI trendlines 
beginning at medium (2) at 175-180 cm then drop to very minor (0.5) at spit 240-245 cm 
(figure 6.35). P. kurri on the other hand, shows an increase in median grade that peaks in spits 
195-200 cm and 200-205 cm, then subsequently decreases to 240-245 cm. Finally, S. flexuosa 
has differing trendlines for NISP and MNI (figure 6.35). The NISP trendline decreases with 
depth and then plateaus from 210 cm onward, whilst the MNI trendline remains relatively 
flat and only decreases slightly from 210 cm onwards. 
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Overall, the median grade of dissolution remains minor (1 grade) for the sequence 
apart from S. flexuosa and the upper spits 175-190 cm for P. striata (figure 6.35). This indicates 
relatively constant effects of dissolution over time, with a minor increase in grade between 
175-190 cm that primarily affected P. striata and S. flexuosa. This uniform intensity of 
dissolution is to be expected for a cave site where environmental weathering (wind, rain, sun) 
is minimised compared to open sites.  
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Figure 6-34: The range of chemical grade recorded for all NISP and showing the 5-dominant species. 
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Figure 6-35: Chemical median grade for NISP and MNI. Polynomial trendlines showing trends in data. Blue box 
highlights a peak in grade for P. kurri. 
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vi. Biological taphonomic results (post-depositional bioerosion) 
Bioerosion encompasses a wide range of biological processes, both pre- and post-
depositional which leave distinct traces on shell (as discussed in chapter 5). The traces 
identified on the Golo shell include tunnelling and boring from terrestrial bioeroders, boring 
from marine bioeroders, hermit crabbing, and boring/peeling from marine predators. 
Tunnelling from terrestrial bioeroders are the focus of the biological results below as it is the 
most common trace recorded. Results from hermit crabbing have been outlined in the 
‘separation of shell type’ section above and thus will not be discussed here.  
Results for the percentage of material exhibiting traces of biological processes, 
tunnelling shows a number of peaks and troughs (figure 6.36). The highest percentage of 
bioerosion on material occurs at spits, 175-185 cm, and 220-225 cm for both NISP and MNI 
values. These single spit peaks are bordered with troughs that predominantly encompass a 
number of spits, however a substantial decrease occurs at 195-200 cm (NISP only), 230-235 
cm, and 245-250 cm (NISP only). Polynomial trendlines for both NISP and MNI show a minor 
increase in percentage of material showing traces of bioerosion from 140-190 cm, which then 
plateaus from around 195 cm until 225 cm, from which values decrease more substantially 
(figure 6.36). The smallest percentage of bioerosion (tunnelling) is found in the two spits that 
contain the greatest presence of hermit crabbing (140-145 cm and 150-155 cm). 
Figure 6-36: Percentage of material from each spit showing evidence of biological process of tunnelling, 
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These results show the extent of bioerosion affecting shell material in each spit, with 
peaks and troughs mirroring percentages recorded for burning (see figure 6.17), which 
suggests an inverse correlation between bioeroders and burnt shell. 
Median grade results (figure 6.37) show an increasing trend that plateaus around 195-
220 cm, with values remaining between very minor (0.5) and minor (1). The lack of tunnelling 
recorded in spit 150-155 cm can be attributed to the fact that all material in this spit is hermit 
crabbed. A large presence of hermit crabs occurs in spit 140-145 cm, however, there is greater 
shell abundance and diversity in this spit which show evidence of tunnelling. Excluding these 
first two spits, the overall bioerosion median grade remains minor (1) for the majority of the 
sequence, only decreasing to very minor (0.5) from 230 cm.  
 
The grade of bioerosion recorded shows variability within and between the five-
dominant species (figure 6.38). Fluctuating interquartile ranges for C. radiata indicates 
variation between spits with 140-145 cm, 175-185 cm, and 185-190 cm showing the largest 
IQR that span from very minor to medium (0.5-2) grades (figure 6.38). Interquartile ranges 
remain between very minor and minor (0.5-1) for the remaining spits (apart from spit 215-
220 cm which has an IQR of minor to minor/medium (1-1.5)). This highlights a largely 
consistent set of data for the grade of bioerosion identified on C. radiata through the 
sequence. 
Figure 6-37: Median grade of bioerosion for each spit, based on NISP.  
0
0.5
1
1.5
2
2.5
3
140 150 160 175 185 190 195 200 205 210 215 220 225 230 235 240 245
Gr
ad
e
Spit/depth (cm)
Overall bioerosion media grade
MNI/NISP
  214 
A similar pattern of small IQR placed between very minor and minor grade (0.5-1) is 
seen in P. striata and N. plicata (figure 6.38). There are only two spits that differ in this trend; 
both of which are found in P. striata where the interquartile ranges for spits 140-145 cm and 
225-230 cm increase in size and grade (minor to medium). 
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Figure 6-38: Bioerosion grade range for species, based on NISP   
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P. kurri results show fluctuating interquartile ranges with a major peak at 200-205 cm. 
Apart from this peak - and spits 215-220 cm and 225-230 cm which show a decrease in grade 
- the interquartile ranges remain between minor and medium (1 and 2).  
Finally, S. flexuosa has the largest IQR and highest bioerosion grade compared to all 
other species (figure 6.36). Interquartile ranges remain between minor and medium (1-2) for 
the most part, however, spits 175-185 cm, 210-215 cm and 225-230 cm extend past this 
range. Overall, it appears as though S. flexuosa is more susceptible to biological processes 
than the other species, with N. plicata mirroring this with the lowest grade and range of 
bioerosion (figure 6.38). 
Examination of the bioerosion median grade values (figure 6.39) shows similar 
patterns to the interquartile range results. C. radiata and N. plicata show very similar median 
results with trendlines relatively flat, apart from C. radiata with a medium value for spit 140-
145 cm creating an initial minor decrease in the trendline (figure 6.39). Grade values remain 
between very minor and minor (0.5 and 1) for these two species as well as for P. striata, which 
shows a peak between 195-215 cm. P. kurri and S. flexuosa median grade results show greater 
variation between NISP and MNI values than the previous three taxa. The variation between 
NISP and MNI values and trendlines are minor for P. kurri with a minor hill for MNI and a 
relatively flat trend for NISP (figure 6.39). Peaks in grade occur in spits 195-200 cm and 200-
205 cm for both MNI and NISP (figure 6.39) suggesting a period of increased bioerosion, which 
interestingly coincide with an increase in dissolution for P. kurri (see above). Although NISP 
and MNI trendlines for S. flexuosa differ they both decrease with greater depth, from medium 
to very minor (2 to 0.5) (figure 6.39). The variation between NISP and MNI is primarily due to 
the lack of MNI samples showing evidence of bioerosion in spits 195-205 cm.  
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Figure 6-39: Bioerosion median grade values with polynomial trendlines for both NISP and MNI. Blue box 
highlights peak in grade for P. kurri that also coincides with peak in dissolution. 
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vii. Relationship between taphonomic alterations and taxa 
Examination of the traces of each of the taphonomic processes in terms of the five 
dominant species revealed numerous variations but also some similarities between the 
species with regard to median grade of alteration and percentage trends. A comparison of 
how the different processes affected individual species, focussed on median grade, also 
highlights a range of patterns. The sample size for median grade/category for each 
taphonomic process is small (limited to the number of spits), and the samples do not present 
a normal distribution. As such, the assumption of normality for parametric statistical tests has 
not been met. The Kruskal-Wallis test is used as the non-parametric alternative to one-way 
ANOVA as the dependent variable (median grade) is both ordinal and not normally distributed 
(Wolverton et al. 2016). This statistical test shows whether there are any significant 
differences between groups.  
 C. radiata 
A Kruskal-Wallis test on C. radiata results shows that there is no significant difference 
between sample medians for either NISP or MNI values.  
 A Kruskal-Wallis test (H (2) = 5.895, p = 0.151, η2 = 0.0702) confirms that the trends observed 
in the central tendency for NISP are not statistically significant.  
A Kruskal-Wallis test (H (2) = 3.705, p = 0.3701, η2 = 0.0463) confirms that the trends observed 
in the central tendency for MNI are not statistically significant.  
Comparison of box/jitter plots, for both NISP and MNI, show (figure 6.40) median 
values at 1 (minor) or 1.5 (minor/medium), with the greatest interquartile difference between 
Fragmentation and Abrasion. These results suggest that the various taphonomic processes 
affect C. radiata in similar intensities, particularly acid dissolution (chemical) and bioerosion 
(figure 6.40). The processes of Fragmentation and Abrasion, however, show the greatest 
distinction from one another and indicate (figure 6.40) greater intensity of abrasive processes 
compared to fragmentation. This can be verified when looking back to the median category 
of fragmentation for each spit (figure 6.27), where trendlines increase slightly whilst for 
abrasion the trend is a sharp increase with depth (figure 6.31), which suggests that abrasive 
processes continue impacting shell before and after fragmentation. Although not statistically 
significant, there is also a relationship between fragmentation and burning, like abrasion, 
which is solely based upon similar patterns seen with box/jitter plot and median grade 
trendlines. The similarity between NISP and MNI box/jitter plots, barring fragmentation 
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(figure 6.40), also suggests that any changes in the intensity of burning, abrasion, dissolution 
or bioerosion were not due to fragmentation. Finally, the similarity between chemical and 
bioerosion results suggests that these two processes occurred concurrently. 
 
Table 6.9 highlights the overall location, grade and percentage of material affected by 
each of the taphonomic traces. These results are based upon the MNI specimens only and 
show each of the processes having a minor impact on C. radiata with a range of locations 
exhibiting various traces. The exterior surface of the shell is affected by all processes apart 
from tunnelling, suggesting a greater ease in bioeroding the interior surface.  
 
 
n=408 Location Edge Present Percentage Median grade Process
Fragmentat
ion Margin Mixture 163 39% 1
Fracturing 
of margin
Burning Whole NA 79 19% 1.5 Burning
Abrasion Exterior NA 406 99% 1.5 Smoothing of surface
Chemical Exterior NA 407 99% 1 Dissolution
Biological Interior NA 363 89% 1 Tunnelling
Table 6-9: Overall C. radiata MNI results for each taphonomic process 
Bu
rn
in
g
Fr
ag
Ab
ra
si
on
C
he
m
ic
al
Bi
oe
ro
si
on
0
1
2
3
Bu
rn
in
g
Fr
ag
Ab
ra
si
on
C
he
m
ic
al
Bi
oe
ro
si
on
0
1
2
3
Figure 6-40: Box/jitter plot for C. radiata showing NISP (left) and MNI (right) median values for each process  
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 P. striata 
A Kruskal-Wallis test on Patelloida striata results shows that there is a significant 
difference (p<0.05) between the sample medians for both NISP and MNI values.  
A Kruskal-Wallis test (H (2) = 24.2, p = 5.248E-05, η2 = 0.5305) confirms that the trends 
observed in the central tendency for NISP are statistically significant.  
A Kruskal-Wallis test (H (2) = 29.1, p = 5.055E-06, η2 = 0.6629) confirms that the trends 
observed in the central tendency for MNI are statistically significant.  
Box/jitter plots also show distinct variation between each of the taphonomic 
processes, with burning the only process showing an overlap between its IQR and that of the 
other processes (figure 6.41). Fragmentation also has a minor overlap in IQR with chemical 
and bioerosion. Abrasion has the highest median grade (figure 6.41) and contrasts 
substantially from the low medians of fragmentation, chemical dissolution and bioerosion. 
 
Following the significant results, Dunn’s pairwise tests were also carried out for the 
five pairs of groups/processes to pinpoint which pairs were significantly different. Results 
show strong evidence (p<0.05) of a difference between the groups of Fragmentation and 
Abrasion, Chemical and Abrasion, and Bioerosion and Abrasion for NISP (table 6.10) and 
Abrasion and Burning, Fragmentation and Abrasion, Chemical and Abrasion, and Bioerosion 
and Abrasion for MNI (table 6.11). This suggests that despite minor fluctuations within each 
taphonomic group/process there is a high degree of variability between each of the 
groups/processes. Such variability indicates that this species of limpet is affected by different 
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Figure 6-41: P. striata NISP (left) and MNI (right) median values for each process shown as box/jitter 
plots 
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processes in different intensities, with some processes even impacting upon one another. For 
example, despite high grades of abrasion and burning, fragmentation grades have remained 
low, highlighting the microstructural resilience of this species. Bioerosion rates also remain 
low, which suggests abrasion, and possibly burning, may influence the presence of bioeroders 
leaving traces on P. striata. Chemical dissolution also differs significantly from abrasion and 
indicates that traces of abrasion are more easily distinguished than dissolution and occurs 
before dissolution sets in. The fact that the burning IQR overlaps with each of the 
groups/processes implies that burning had some role in how other process impacted upon P. 
striata. Minor differences between NISP and MNI box/jitter plots also indicate that the 
intensity of each process, and any changes with depth, were only partially due to 
fragmentation. 
 
Table 6-10: Patelloida striata NISP Dunn's post hoc test with Bonferroni correction of p values, significant 
(=<0.05) p values highlighted 
 Burning Frag Abrasion Chemical Bioerosion 
Burning  0.8441 0.07408 1 1 
Frag 0.8441  0.0001065 1 1 
Abrasion 0.07408 0.0001065  0.01046 0.000316 
Chemical 1 1 0.01046  1 
Bioerosion 1 1 0.000316 1  
 
 
Table 6-11: Patelloida striata MNI Dunn's post hoc test with Bonferroni correction of p values, significant (=<0.05) 
p values highlighted 
 Burning Frag Abrasion Chemical Bioerosion 
Burning  0.6116 0.008229 1 1 
Frag 0.6116  1.815E-06 0.2718 1 
Abrasion 0.008229 1.815E-06  0.02626 0.0006411 
Chemical 1 0.2718 0.02626  1 
Bioerosion 1 1 0.0006411 1  
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The overall location, grade and percentage of material affected by each of the 
taphonomic traces is presented in table 6.12. These results are based upon the MNI 
specimens only (see appendix M) and show each of the processes having a minor impact on 
P. striata, with a range of locations exhibiting various traces. Like C. radiata, the exterior 
surface of the shell is affected by all processes apart from tunnelling, suggesting a greater 
ease in bioeroding the interior surface. Greater intensity of burning and abrasion is seen for 
P. striata compared to C. radiata, and fragmented edges are rounded and regular.  
 
 
 N. plicata 
A Kruskal-Wallis test on N. plicata results shows that there is no significant difference 
between sample medians for both NISP and MNI values.  
A Kruskal-Wallis test (H (2) = -42.67, p = 1, η2 = 0.3665) confirms that the trends observed in 
the central tendency for NISP are not statistically significant.  
A Kruskal-Wallis test (H (2) = -44.21, p = 1, η2 = 0.2975) confirms that the trends observed in 
the central tendency for MNI are not statistically significant.  
Box/jitter plots for NISP and MNI (figure 6.42) show minor overlaps in IQR for burning 
and all other processes, and chemical and bioerosion. Burning and fragmentation have the 
highest median grade values which heavily contrasts with low values for chemical dissolution 
and bioerosion, whilst the median grade for abrasion sits in the middle. Minor differences in 
the interquartile ranges between NISP and MNI suggest that fragmentation may have had a 
minor role, if at all, in the changes of intensity for burning, abrasion and chemical dissolution 
at different depths. These results suggest that each group/process is related to each of the 
others in minor ways. This is seen with greater prevalence of burning, also meaning greater 
n=191 Location Edge Present Percentage Median grade Process
Fragmentation Margin Rounded, regular 113 59% 0.5
Fracturing 
of margin
Burning Whole NA 54 28% 2.5 Burning
Abrasion Exterior NA 189 99% 2.5 Smoothing of surface
Chemical Exterior NA 186 97% 1 Dissolution
Biological Interior NA 174 91% 1 Tunnelling
Table 6-12: Overall P. striata MNI results for each taphonomic process 
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fragmentation for N. plicata as well as consistently low values for chemical and bioerosion 
processes.  
 
The overall location, grade and percentage of material affected by each of the 
taphonomic traces for N. plicata is similar to the last two species, however the focus of traces 
is around the aperture (table 6.13). Median grade values are variable between taphonomic 
processes with fragmentation and burning showing the greatest intensity, yet low percentage 
values in the overall material. This suggests that these processes, and burning in particular, 
only impacted a portion of N. plicata specimens. Whether this was through purposeful 
variation in cooking methods or accidental is uncertain. The interior surface is once again the 
focal point for bioeroders.  
n=139 Location Edge Present Percentage Median grade Process
Fragmentation Aperture/body Sharp, mixture 89 64% 1.5
Fracturing 
of aperture 
edge
Burning Whole NA 47 34% 2.5 Burning
Abrasion Exterior body NA 131 94% 1 Smoothing of surface
Chemical Exterior NA 136 97% 0.5 Dissolution/pitting
Biological Aperture NA 82 59% 1 Tunnelling
Table 6-13: Overall N. plicata MNI results for each taphonomic process 
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Figure 6-42: N. plicata NISP (left) and MNI (right) median values for each process shown as box/jitter plots 
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 P. kurri 
A Kruskal-Wallis test on P. kurri results shows that there is no significant difference 
between sample medians for both NISP and MNI values.  
A Kruskal-Wallis test (H (2) = -5.483, p = 1, η2 = 0.1077) confirms that the trends observed in 
the central tendency for NISP are not statistically significant.  
A Kruskal-Wallis test (H (2) = -2.296, p = 1, η2 = 0.1398) confirms that the trends observed in 
the central tendency for MNI are not statistically significant.  
This can also be seen with box/jitter plots of NISP and MNI (figure 6.43). Median grade 
values and interquartile ranges remain low for each of the taphonomic processes (figure 6.43) 
and indicates that this species is impacted less than the other species. Whether this is due to 
the microstructure of the shell itself or because the mollusc was self-introduced, and thus 
travelled through a different taphonomic pathway compared to the other species is unknown. 
The low quantity of calcium carbonate in landsnails (as discussed in chapter 6) as well as the 
thinner shell structure compared to the other four marine species would indicate a less 
resilient structure for P. kurri. 
 
Although not significant, variation does occur between NISP and MNI interquartile 
ranges as well as an increased median grade for NISP fragmentation (figure 6.43). The 
similarities between the groups suggests that these processes leave similar grades of traces 
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Figure 6-43: Planispira kurri NISP (left) and MNI (right) median values for each process shown as 
box/jitter plots 
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at similar rates for this species. Minor differences between NISP and MNI box/jitter plots 
suggests that fragmentation had a role in the changes of intensity for abrasion and chemical 
dissolution.  
The overall taphonomic results for P. kurri are similar to N. plicata, apart from the 
lower median grade values for P. kurri (table 6.14). The fracture edges are sharp with a 
mixture of regular and irregular edges, which can indicate fresh breakage. This is most likely 
from excavation and/or transport methods as edges are fresh and this taxa fragments easily. 
 
 
 S. flexuosa 
 
A Kruskal-Wallis test on S. flexuosa results shows that there is no significant difference 
between sample medians for both NISP and MNI values.  
A Kruskal-Wallis test (H (2) = 7.647, p = 0.09032, η2 = 0.1443) confirms that the trends 
observed in the central tendency for NISP are not statistically significant.  
A Kruskal-Wallis test (H (2) = -1.096, p = 1, η2 = 0.025) confirms that the trends observed in 
the central tendency for MNI are not statistically significant.  
Box/jitter plots also show overlapping median values and interquartile ranges for each 
of the groups/processes (figure 6.44). There is greater variability between NISP and MNI 
box/jitter plots for S. flexuosa than the other taxa (figure 6.44), though still minor. This 
indicates that fragmentation had a greater role in the variations of grade recorded for the 
other processes, which is echoed with the difference in median value and IQR for 
fragmentation between NISP and MNI (figure 6.44). Examination of the raw data and previous 
studies (Szabó and Koppel 2015) shows this species repurposed as tools which may explain 
n=62 Location Edge Present Percentage Median grade Process
Fragmentation Aperture Sharp, mixture 43 69% 1
Fracturing of 
aperture edge
Burning NA NA NA NA NA NA
Abrasion Exterior NA 50 80% 1 Smoothing of surface
Chemical Whole NA 58 94% 1 Dissolution/pitting
Biological Whole NA 61 98% 1 Tunnelling
Table 6-14: Overall P. kurri MNI results for each taphonomic process 
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the variability in fragmentation values, and in turn the effect on abrasion, chemical dissolution 
and bioerosion for NISP results. This is due to the processes of working that can abrade and 
remove portions of a shell, however these traces are primarily preserved on MNI specimens. 
 
Table 6.15 presents the overall taphonomic results for S. flexuosa in the assemblage 
which are similar to the other two limpet species discussed above.  
 
 
Each taphonomic process influences the others in minor ways, affecting the traces left 
on the shells, however some processes can be more prevalent than others on certain shell 
species. Overall, P. striata and N. plicata have the greatest variability in how various processes 
Table 6-15: Overall S. flexuosa MNI results for each taphonomic process 
n=87 Location Edge Present Percentage Median grade Process
Fragmentation Margin Sharp, regular 76 87% 1
Fracturing 
of margin 
edge
Burning Whole NA 36 41% 2 Burning
Abrasion Exterior NA 87 100% 2 Smoothing of surface
Chemical Exterior NA 86 99% 1.5 Dissolution/pitting
Biological Interior NA 79 90% 1 Tunnelling
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Figure 6-44: S. flexuosa NISP (left) and MNI (right) median values for each process shown as box/jitter plots 
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impact the shell and suggests that these species are more susceptible to particular processes 
over others. This contrasts with S. flexuosa and P. kurri which show the least dissimilarities in 
intensity between each taphonomic process. P. kurri has minor traces of decomposition 
compared to the other four species and may be related to the lack of visual traces of burning. 
On the other hand, C. radiata has minor differences, however, not substantial like P. striata 
and N. plicata. Interestingly, fragmentation has little impact on the intensity of the other 
taphonomic processes as the ranges of NISP and MNI values remain similar. A slight exception 
to this is seen in S. flexuosa where the fragmentation category and abrasion intensity vary. 
Whether this is related to the presence of worked shell in the dataset needs to be explored. 
Results from each of the species highlights the shell ‘edge’ as the most common place of 
fracture, which can either be the margin or aperture depending on overall morphology.  
Abrasion median grades are equal to or greater than fragmentation median values for 
each species, apart from N. plicata, which suggests that abrasive processes occurred before 
and after fragmentation. As the highest grades for fragmentation for N. plicata occur from 
220cm onwards and the grades for burning, dissolution, bioerosion remain stable at these 
depths, it is assumed that increased fragmentation occurred during this period. Examination 
of the location and edge results from these depths reveals that the aperture and partial body 
of the shell chiefly remained intact. This is in contrast with specimens retaining the apex in 
the upper spits. As edge breakage is primarily sharp and irregular, and breakage location is 
consistent, it can be argued that fragmentation occurred concurrently for these specimens. 
This may be due to methods of meat extraction, however, further study on the principals of 
shell breakage for this species needs to be undertaken to control for issues of equifinality.   
Through previous studies (discussed in Chapter 2 and 3), burning clearly impacts the 
structural integrity of a shell which in turn affects fragmentation. Although burning 
percentage and grade remain low for the majority of the Golo Cave assemblage, median grade 
values for both fragmentation and burning increase with depth. Burning also appears to affect 
the rate and intensity of bioerosion on all species. This is related to the organisms that 
tunnelled into shell, and thus further investigation into the biological life and habits of these 
entities is needed to fully understand the relationship between burning and bioerosion of 
shell. 
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viii. Total Taphonomic Grade 
Broad taphonomic patterns can also be explored through total taphonomic grade 
(TTG) results which provide a rough indication of the overall preservation of shell between 
spits. The five dominant species were used to find the total taphonomic grade (based on 
median NISP values) for each spit, whilst the total-shell grade values were calculated based 
on the overall median grades for each taphonomic group (table 6.16). The dominant-shell 
values provide an indication to the preservation of the majority of shell material. On the other 
hand, the total-shell values include all shell material and allows for an overall examination of 
preservation rates.  
 
Table 6-16: Total taphonomic grade (TTG) based on NISP median grade values of 5 dominant species, sum of all 
taphonomic groups. Range of total taphonomic grade = 0 - 18.  
Spit/depth 
(cm) 
C. 
radiata 
P. 
striata 
N. 
plicata 
P. 
kurri 
S. 
flexuosa 
Dominant 
Shell 
(Average) 
Total 
Shell 
(Median) 
140 8 - 5 2 - 5.0 6 
150 - - - - - - 4.5 
160 8.5 - 3.5 4.5 - 5.5 11 
175 5 6.5 - 5 9 6.4 6 
185 8 5.75 - 4.5 8 6.6 9 
190 10 5.5 - 2 6.25 5.9 9 
195 11.5 6.75 9.5 8.5 9 9.1 9.5 
200 10.5 10.25 10 7.25 7 9.0 11.5 
205 7.5 7 8.5 5 8.5 7.3 9.5 
210 11 8.5 8.5 9 5 8.4 12.5 
215 8 8.5 5.5 6.75 8 7.4 11.5 
220 7.5 9.5 6.5 5 5.75 6.9 11.5 
225 9.5 8 9 8.5 10 9.0 10 
230 11 9 7 - - 9.0 9.25 
235 8.5 9.5 10.5 10.5 - 9.8 11.5 
240 8 5.5 8.25 9.5 - 7.8 9.5 
245 10 - - - - 10.0 11.5 
All Spits 
Average 8.9 7.7 7.6 6.3 7.7 7.7 9.6 
 
 
Results show that C. radiata has the greatest TTG in the majority of spits, whereas P. 
kurri has the lowest TTG. For all spits, apart from 175-180 cm, the total-shell grade was 
greater than the dominant-shell grade, which suggests that the minority shell taxa are more 
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heavily degraded than the majority. This emphasises how rates of preservation and 
taphonomic alteration vary between shell species/types. Comparison between the average 
grade of the combined dominant taxa (dominant shell average) and the total-shell grade show 
that the total-shell values are greater. A roughly similar trend between the two measures is 
seen in figure 6.45 and indicates a very gradual decrease in taphonomic alteration in younger 
deposits. The TTG for dominant-shell ranges between 5-10 whereas total-shell ranges 
between 4.5-12.5. Both ranges are a mixture of minor/medium degrees out of the total 
possible taphonomic grade (=18). This total taphonomic grade measure highlights broad 
patterns in the preservation of shell; both between spits as well as between taxa. Preservation 
of shell material at M4, Golo Cave was variable between spits, yet remained in a moderate 
state of degradation. 
 
Despite a high diversity in microstructure and mineralogy in limpet families 
(MacClintock 1967), the three main limpet species at Golo Cave (C. radiata, P. striata, and S. 
flexuosa) primarily consist of a mixture of crossed-lamellar microstructures (see Fuchigami 
and Sasaki 2005; MacClintock 1967; Nakano and Ozawa 2007; Ridgway et al. 1998 and Szabó 
and Koppel 2015 for more detail). Nerita plicata is also made up of a crossed-lamellar and 
protocrossed-lamellar shell microstructure (Suga and Nakahara 2012). The microstructural 
composition of each of these shell species most likely had an effect on their overall 
preservation, as well as their ability to leave visual traces of burning and dissolution. Thermal 
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Figure 6-45: Total taphonomic grade of the 5 dominant species, and the total midden from M4 
sample, Golo cave 
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experiments in chapter 3 revealed that the crossed-lamellar bivalves, T. granosa and G. 
expansa, showed the greatest change in recrystallisation, however, they remained 
structurally intact. This once more highlights the variation in taphonomic preservation 
between shell species. 
 
ix. Temporal Resolution and Taphonomic Patterning 
Four shells were selected for AMS radiocarbon dating based on visual analysis that 
determined a minimal/lack of thermal alteration and recrystallisation through dissolution. 
Whole shells of Cellana radiata that exhibited good preservation were chosen. Petchey (pers. 
comm 2019) cautioned the dating of this species due to Cellana spp. grazing on limestone 
rocks, which can shift ages by 100’s of years; however, as this material is already known to be 
dated to the Pleistocene (Bellwood 1998) possible shifts in ages by 100’s of years was not 
deemed significant in terms of the relative chronology. Samples were sent to the Waikato 
Radiocarbon Dating Laboratory where surfaces were cleaned and washed in an ultrasonic 
bath. The only dates obtained from square M4 were from marine shell samples from spits 
170-175 cm, 190-195 cm, and 200-205 cm. These dates fall into both Phase 1 and Phase 2 (as 
outlined by Bellwood 1996). There is a peak abundance in material as well as changes in the 
grade and percentage of the traces of numerous taphonomic processes focussed on spits 195-
205 cm; which corresponds to the transitional zone between Bellwood’s phases 1 and 2 
(Bellwood 1998). Further AMS radiocarbon dates were taken to accompany the taphonomic 
analyses in this thesis. These dates were taken from marine shell (see Chapter 5) in spits 140-
145 cm, 215-220 cm, 225-230 cm, and 240-245 cm (table 6.17).  
 
Table 6-17: AMS Radiocarbon dates from M4 shell assemblage, Golo Cave (dates from Bellwood 1988, Szabó et 
al. 2007, Szabó and Koppel 2015) 
ID Context Radiocarbon date Cal BP- 2 sigma  Material 
Wk 48721 M4 140-145 12,026 ± 28 13,580 - 13,350 Cellana radiata 
OZN 896 M4 170-175 29,390 ± 190 31,519 - 31,004 Barnacle 
OZN 895 M4 190-195 30,960 ± 190 32,754 - 32,365 Barbatia amygdalumtostum 
Wk 17764 M4 200–205 28,740 ± 474 31,495 - 29,355 Drupa clathrata 
Wk 48722 M4 215-220 30,827 ± 214 34,850 - 34,000 Cellana radiata 
Wk 48723 M4 225-230 30,750 ±211 34,750 - 33,950 Cellana radiata 
Wk 48724 M4 240-245 30,380 ± 244 34,550 - 33,650 Cellana radiata 
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A greater understanding of the site’s formation is possible when taking into account 
the varying taphonomic processes identified and quantified for this thesis. There are distinct 
highs and lows for grade and percentage of occurrence for each taphonomic process recorded 
in every spit, and patterns can be clearly seen with colour coding of cells (figure 6.46 and table 
6.18). Taking both the dates and taphonomic analyses into account, there are 14 distinct 
layers of deposition which can be split into three overall events or phases (continuous minor 
deposition, increased deposition, and intermittent deposition). 
The first phase, from the basal layer to 215 cm, is made up of continuous minor 
depositional events. Differing percentages and grades in each of the taphonomic process 
groups for the first four spits (230-250 cm) suggests each of these spits contain separate yet 
minor depositional events. A minor peak in deposition occurs in spit 225-230 cm followed by 
a period of non-occupation in spit 220-225 cm (seen through the shell abundance, 
taphonomic signatures, and phytolith data). A decrease in burning in 220-225 cm has resulted 
in an increase in bioerosion, whilst dissolution has increased slightly (figure 6.46). 
Fragmentation extent and intensity remain similar for spits 225 and 220 cm, however this 
decreases in spit 215 cm which may be due to downward displacement moving smaller 
fragments downwards through the sediment. 
Similar taphonomic results for spits 205-210 cm and 210-215 cm suggest this may be 
a combined depositional event occurring in the second phase: increased deposition (185-215 
cm). A minor increase in fragmentation and dissolution in 210-215 cm may once again 
indicate size sorting. Examination of species-specific results show C. radiata and P. kurri as 
the main species that increase in fragmentation in 210-215 cm, although values are minor. P. 
kurri is also the only species that increases in dissolution grade which has influenced the 
overall NISP percentage values. Spit 210-215 cm also has a lower percentage value for 
bioerosion than 205-210 cm which may be linked to the increased fragmentation or continual 
deposition over both spits. Since the differences in values from spits 205-210 cm and 210-215 
cm are minimal, it is problematic to make any robust inferences about the variations between 
these two spits. Rather, these two spits may have been deposited over the same event (figure 
6.46). It is clear however that the upper spits (above 205 cm) are distinct from the combined 
205-215 cm depositional event. Spits 195-200 cm and 200-205 cm contain the greatest 
abundance of shell along with distinct peaks in fragmentation, burning, and dissolution. A 
sharp decrease in bioerosion mirrors a peak in burning, whilst downward sorting of material 
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appears to be occurring once again in spit 200-205 cm with an increased fragmentation grade. 
Similarities between spits 195-200 cm and 200-205 cm suggest the material in these units 
underwent the same taphonomic processes and as such were deposited at a similar time. The 
final depositional event in this increased occupation phase is based on a decrease in material 
and decrease in burning. As with other spits, a decrease in burning has resulted in bioerosion 
increasing in intensity. Abrasion and dissolution percentage and intensity remains the same 
as the 195-205 cm event, however a lower fragmentation grade in spit 185-190 cm relative 
to spit 190-195 cm suggests downward sorting of material once more.  
Finally, spits 140-180 cm contain numerous depositional events, referred to here as 
being intermittent due to both the lack of materials from some spits and a non-occupation 
spit (150-155 cm). The variability in taphonomic results for each of these spits indicates 
distinct differences in the cultural and natural processes occurring over time. Spit 175-180 cm 
appears to contain a single event deposition based on low quantification values and 
fragmentation, and high abrasion and dissolution. Low burning may have attributed to the 
low fragmentation results as well as the high bioerosion traces present. Another minor 
depositional event at 160-175 cm, however, a minor peak in fragmentation may indicate 
increased occupation/trampling compared to spit 175-180 cm. The percentage of burning 
remains low despite an increase in intensity, which can be traced to species-specific burning 
of barnacles.  
A non-occupational event at 150-155 cm is seen with the material from this spit being 
solely hermit crabbed, along with low fragmentation, burning, abrasion and dissolution. 
Although the hermit crabs would have taken shell before dumping the current ones there, 
the small sample size of this spit (n=3) suggests a period of low- or non-occupation. Phytolith 
data supports this conclusion with analysis by Bellwood et al. (2019) suggesting periods of 
non-occupation at 150-155 cm and 220-225cm. Finally, spit 140-145 cm shows minor 
deposition with low fragmentation and burning. A decrease in dissolution and tunnelling 
conflicts with abrasion due to the presence of hermit crabs. This suggests a stable surface was 
extant at some point for hermit crabs to appear. 
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 Frag Frag Burn Burn Abras Abras Chem Chem Bio Bio
 Layers
Spit 
(cm 
b.s)
Grade % Grade % Grade % Grade % Grade %
Calibrated dates 
(M4)
Bellwood's 
Phases
 Oertle's 
Phases Occupation Site formation - changes in regard to lower spit
14 140-145
13580 - 13350 cal 
BP
Minor deposition
Varied results for abrasion and bioerosion due to hermit crabs leaving traces on 
specific gastropod shells, low frag and burn = low deposition/occupation
145-150
13 150-155 Phytoliths non-occupation
 Frag 100% but low grade, low burn, high bio, minor abrasion,  conflicting grade and 
% dissolution related to biological disturbance = non-occupation/disturbance
155-160
High frag with sharp, irregular breaks = disturbance or poor excavation
Low burn % but high grade = species specific cooking = barnacle
31725 - 30718 cal 
BP Peak in frag % and grade = increased occupation/trampling
11 175-180 Minor deposition Minor occupation, low frag and burn, high abrasion, chem and bio = single event
180-185
185-190 Low frag grade = decrease in deposition and occupation
190-195
32919 - 32167 cal 
BP Decrease % burnt, increase % bio
195-200 Minor decrease in frag grade = downward sorting of smaller material
200-205
31495 - 29355 cal 
BP
Minor increase burning and increase abrasion -- decrease bio, minor increase frag 
grade and % 
205-210
Decrease frag degree = downward sorting of smaller shell, Minor (4%) increase bio 
% 
210-215 Minor decrease in bio % linked to minor increase in frag % and grade
7 215-220
34850 - 34000 cal 
BP
Minor deposition Minor decrease frag % linked to overall decrease in material = transition layer
6 220-225 Phytoliths non-occupation Decrease burn %, increase bio % = minor deposition
5 225-230
34750 - 33950 cal 
BP
Minor peak
Decrease in burn %, increase bio % and grade, and increase in frag grade = 
depositional event
4 230-235 Minor deposition
Increase burning and abrasion, decrease bio - increased frag and abrasion on 
unidentified taxa causing chem to decrease = low deposition
3 235-240 Minor deposition Increase burning and abrasion, decrease bio
2 240-245
34550 - 33650 cal 
BP
Minor deposition
Decrease frag, increase bio, greater amount of material deposited than previous 
spit = minor deposition
1 245-250 Minor deposition
Low grade of chem, high frag grade and %, abrasion suggest rapid accumulation of 
material, low burn, medium %  bioeroders, NISP small = single event
12
10
9
160-175
Phase 2
Phase 1
8 Increase deposition
Minor deposition
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Table 6-18: Colour legend for figure 6.46, taphonomic percentage and grade values as a colour range to 
highlight patterning between spits. Fragmentation is measured in category values, whereas the burning 
percentage was low throughout, therefore colour range values are relative to recorded percentage rather than 
total portion. 
Grade % 
dark blue ≥ 2 dark blue ≥ 67 
blue ≥ 1 blue ≥ 33 
Light blue < 1 Light blue <33 
Fragmentation category Burning % 
dark blue ≥ 4.5 dark blue > 25 
blue ≥ 2.5 blue > 10 
Light blue < 2.5 Light blue < 10 
 
 
These three main depositional events are based on the analyses of the varying traces of 
taphonomic processes of the shell material. Further chronological data will provide a greater 
understanding of the timing of depositional events; however, current dates show deposition 
of shell for the first phase (continuous minor deposition) occurred between 34,550 – 34,000 
cal BP. For the increased occupation phase, the spit 190-195 cm date (OZ895) is not in 
stratigraphical agreement with dates from 200-205 cm and 170-175 cm. Whether this OZ895 
date is due to disturbance or a dating error is unknown, therefore this date is ignored and not 
included in the interpretations of taphonomic results. Therefore, the increased occupation 
phase is dated between 34,000 – 31,495 cal BP. Finally, the intermittent depositional phase 
contains remains that date from 31,495 – 13,350 cal BP, which spans the largest amount of 
time out of the three depositional phases. The combination of dates and taphonomic results 
highlight differential rates of shell deposition with conflation of material increasing over time. 
Occupation, based on the M4 sample, at Golo Cave was initially minor yet with numerous 
depositional events over a relatively short period of time (34,550-34,000 cal BP). This was 
followed by increased subsistence over a roughly 2,500-year period, which included at least 
Figure 6-46 previous page: Temporal untangling of site formation and transformation processes. Data from 
Bellwood 1998 (dark grey highlighted dates); 2019, Burchell 2019, Szabó et al. 2007, Szabó and Koppel 2015 
(light grey highlighted dates). Marine13 calibration on Calib 7.0.2 for radiocarbon dates, ∆R value is 0. See 
(Table 6.18) for legend of different colour highlights. Bellwood et al. (2019) show low quantities of phytoliths at 
150-155 cm and 220-225 cm. 
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three distinct depositional events. Following this was a decrease in occupation and shell 
subsistence over time with intermittent depositional events between 31,495 – 13,350 cal BP.  
These three phases have some similarities to Bellwood’s four phases of occupation at Golo 
Cave. As the M4 sample consists of shell material only from 140 cm onwards, comparison is 
only possible with Bellwood’s phase 1 and 2. Observations of deposition are comparable 
between the three depositional phases and Bellwood’s phase 1 and 2, with higher rates of 
occupation in the first half of the sequence followed by intermittent depositional events in 
the upper half (figure 6.46). Despite this, a key difference occurs in spits 185-215 cm, which 
is the transition (200 cm) between Bellwood’s phase 1 and 2, however these spits are 
taphonomically and temporally distinct from either of Bellwood’s phases. Taphonomic 
patterning provides greater context to the increased occupation phase which contains the 
majority of shell material and delineates the three phases of deposition with greater clarity. 
Although basic shell quantification shows similar patterns in the phases of occupation, high-
resolution taphonomic analysis provides a more nuanced understanding of deposition and 
post-depositional processes which occurs in each spit. As such, more robust patterns in 
deposition can be distinguished through taphonomic analysis.  
 
E. Conclusion 
This chapter has presented the 35,000-year-old tropical island cave sequence at Golo Cave, 
in the northern Moluccas, with a focus on the shell assemblage recovered from square M4. A 
high-resolution taphonomic analysis of the shell material, that included the processes of 
burning, fragmentation, abrasion, dissolution, and bioerosion, was undertaken with the 
results presented here. Overall taphonomic results showed specific processes impacting upon 
one another and occurring in varying degrees at different depths. Fragmentation, abrasion 
and dissolution were the main processes at play and impacted the preservation of shell 
material the most. Although evidence of burning on shell was low throughout the sequence, 
it had a clear effect on the rates of fragmentation and bioerosion. Investigation into how 
specific species were impacted by these processes indicated each species reacting differently 
to each process. Out of the five dominant species, the three 3 limpet species were affected 
by taphonomic alteration the most. Combination of both the chronological and taphonomic 
results revealed distinct depositional events occurring over the shell assemblage. These were 
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separated into three phases of deposition: the initial continuous but minor depositions, then 
increased deposition with a peak in occupation, followed by intermittent minor depositional 
events. Examination of each of the arbitrary spits allowed for taphonomic patterning to be 
discerned, which helped to untangle the formation of the site. Further discussion on the main 
findings from this chapter will be outlined in Chapter 7 and will be considered in combination 
with the experimental results from Chapter 3 and 4. 
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7. DISCUSSION AND CONCLUSION 
A. Introduction 
This thesis used experimental studies to better understand the processes of thermal 
alteration and acid dissolution, then applied these results towards a novel method of high-
resolution taphonomic recording of archaeological sites. In Chapter 2, the array of 
taphonomic processes that can affect shell was outlined, however detail on the traces left 
behind on archaeological shell was limited to broad effects that do not always take into 
account possible variables such as microstructure. Variability in shell microstructure was 
explored in more detail with experimental studies. Chapter 3 presented variation of 
taphonomic traces due to microstructural type and cooking methods through a thermal 
experiment; whilst Chapter 4 showed how the progression of dissolution varied between shell 
microstructure and the presence of thermal alteration. Distinct methods in recording each of 
the taphonomic processes affecting archaeological shell were created to implement high-
resolution analyses (Chapter 5). The results of taphonomic analyses on the Golo Cave material 
(Chapter 6) revealed particular depositional events paired with distinct patterns in a range of 
taphonomic processes, such as bioerosion and burning. Each of these chapters show how 
variable taphonomic processes on shell material are and that numerous factors need to be 
taken into account when drawing interpretations of site formation and transformation. As a 
whole, this thesis aimed to understand and untangle the taphonomic processes that occur in 
the formation of a shell-bearing archaeological site, with a focus on improving inferences of 
human behaviour in the past. 
 
B. Key Research Questions 
This thesis was structured to answer the primary research question. 
• How do varying anthropic and non-anthropic taphonomic processes affect the 
formation and transformation of archaeological sites in tropical environments and 
what can this in turn tell us about human behaviour? 
Three sub-questions were formulated from this primary research question, each of which 
were addressed in individual chapters.  
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1. What effects do various heating and burning methods have on archaeological shell? 
An experimental study was conducted to explore the influence of thermal alteration on 
shell species, particularly those recovered from tropical Indo-Pacific archaeological contexts 
(Chapter 3). The results of this experiment revealed key differences between the method of 
burning versus heating, with heating causing greater structural and mineralogical changes 
than burning. Distinct differences between microstructural types were also highlighted 
through this study. Cross-lamellar microstructures were found to have less structural integrity 
than foliate, prismatic and nacreous structures after thermal alteration. The significance of 
these findings to taphonomic analysis is concentrated on methods of recording burning on 
archaeological shell. As visual discoloration and alteration are the primary methods in 
recording the presence of burning on a shell, archaeologists will bias their quantifications of 
shell due to inherent variability in shell microstructure/species and cooking methods. 
Therefore, values of burnt shell are a minimum and should be treated cautiously when making 
inferences regarding human behaviour, unless variability of microstructure and cooking are 
taken into account. This is discussed further below.  
 
2. How does acid dissolution affect shell preservation? 
One of the major processes impacting shell preservation is acid dissolution, particularly in 
high rainfall regions such as the Indo-Pacific. An examination of this process in terms of the 
effects of dissolution on different microstructural types was outlined in Chapter 4. These 
results have revealed that foliate microstructures (S. glomerata) had greater susceptibility to 
dissolution than prismatic or nacreous structures (Turbo setosus). Acidic sediments, in 
addition to thermal alteration, also increased the rate of shell dissolution. These findings 
influence how dissolution of archaeological shell can be recorded and interpreted in terms of 
differential preservation rates; a key component to consider in faunal assemblages. Sites with 
high species diversity are likely to have variability in the extent of dissolution on shell based 
on shell species/microstructure as well as particular sediment matrix. As such, some species 
of shell may have better preservation rates than others, which in turn skews quantification 
values and interpretations regarding foraging behaviours.  
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3. With a greater understanding of each process, can taphonomic patterning be 
identified in the formation and transformation of archaeological shell sites? 
High-resolution taphonomic analyses of shell material from M4, Golo Cave, Gebe Island 
(Chapter 6) highlighted taphonomic patterning through the assemblage, with processes (e.g. 
trampling, burning, abrasion, dissolution, and bioerosion) having a cumulative impact on one 
another that can be either be positive and/or negative. Fragmentation, abrasion and 
dissolution were the main processes impacting the Golo Cave shell material, whilst burning 
had an effect on increased fragmentation and decreased bioerosion. Individual species were 
also impacted by different taphonomic processes in varying degrees, e.g. S. flexuosa had the 
highest grades of dissolution out of the five dominant species. Three distinct occupational 
phases were identified through the separation of clear depositional layers that exhibited 
particular formation and transformation processes. Changes in material abundance, 
fragmentation rates and burning grade were some of the major differences noted between 
the continuous minor, increased occupation, and intermittent depositional phases. 
Preservation rates for the shell material also offer valuable data on possible changes in 
subsistence of zooarchaeological remains through the sequence, with particular regard to the 
lack of vertebrate remains below 140cm. The addition of radiocarbon dates also provided a 
chronological context to untangle these events. This contrasts with Bellwood’s (1998) two 
phases of occupation and provided additional information that is key to understand the 
formation of the site.  
Four key themes emerge from answering the research question: actualistic taphonomy, 
preservation bias, life history of shell, and methodological issues. Actualistic taphonomic 
studies in archaeology are able to isolate the range of variables that alter the macro- and 
micro-scopic traces from an array of processes. This is a key component in high-resolution 
taphonomic analyses and is supported by a number of comprehensive experimental studies 
(e.g. Aldeias et al. 2016; Muckle 1985; Villagran 2014) as well as my own experimental 
research (Chapters 3 and 4). These experimental studies encompass a plethora of processes 
and contexts in archaeology. A factor of this is preservation bias, which is due to the 
distinctive behavioural and ecological contexts of individual sites. In this thesis, tropical 
environmental conditions are the central focus for the investigation of organic preservation, 
with variables specific to the site type affecting diagenesis through a range of taphonomic 
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actors. These actors occur throughout the life history of a shell and create distinct taphonomic 
pathways. The difficulty and importance of distinguishing which processes occur at what 
stage of the shell’s life history (see table 1.1) informs interpretations of the nature and scale 
of human occupation and foraging behaviours. To ensure these interpretations are reliable, 
methodological approaches to shell midden excavation and analysis are needed to minimise 
errors in quantification and improve dependability of analyses. Each of these four themes are 
discussed further in this chapter with an emphasis on understanding human behaviour in the 
past through the disentanglement of site formation processes. 
 
C. Actualistic Taphonomy 
The assumption of uniformitarianism in taphonomy is based on the direct inference of 
observable attributes on shell material and is reliant on actualistic studies to shed light on the 
range of different traces in varying conditions (Gifford 1981). Observations of current 
processes and their subsequent traces are assumed to be analogous to the processes 
occurring in the past, despite the possibility of varied behavioural and ecological contexts 
(principle of uniformitarianism). This is why a more comprehensive understanding of 
particular agents and their traces on shell is needed, as different variables can cue changes in 
visual, structural, mineralogical and chemical aspects. Every stage of a shell’s life history 
needs to be examined to understand these variables and traces. There will always be an 
assumption of uniformitarianism in archaeology (as well as other disciplines like earth and 
biological sciences), however, we can minimise interpretational issues through further studies 
that provide detailed data and understandings of varied processes in certain contexts. This is 
achieved through experimental archaeology.  
Experimental studies on individual processes under set variables allows for an 
actualistic understanding of taphonomy (Hill 1978). Both palaeontological and archaeological 
experimental studies have tackled processes of fragmentation, thermal alteration, as well as 
physical, chemical, and biological processes on shell material; each of which leave behind 
certain traces based on particular contexts. This may include sediment type, shell species or 
microstructure, quantity of surrounding faunal material, and the degree of which other 
processes act in unison. The individual experimental studies, on thermal alteration and acid 
dissolution explored in this thesis provided detailed results on an array of traces generated 
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from different variables. This has aided in informing methods of taphonomic recording on 
archaeological shell material (Golo Cave), which are discussed in detail below. 
i. Thermal 
Recent experimental archaeological research on shell thermal alteration has improved 
our understanding of macro, micro, mineralogical, and chemical changes on a range of shell 
species (Aldeias et al. 2016; March et al. 2014; Milano et al. 2016, 2018; Müller et al. 2017; 
Spenneman 2004 and Villagran 2014) However, numerous assumptions are made as to 
methods of cooking and shell microstructure. Firstly, ethnographic approaches to the cooking 
of molluscs (Waselkov 1987) have provided key methodological insights into the duration and 
techniques of shellfish cooking in the Australasian region. Meehan’s (1982) 
ethnoarchaeological findings have been taken uncritically by numerous archaeologists in the 
setup of methodological approaches for cooking experiments (Aldeias et al. 2016). 
Techniques in the setting up of fires or hearths that mimic cooking methods recorded for the 
An-barra, as well as other ethnoarchaeological studies (see Waselkov 1987), provide a starting 
point in understanding actualistic cooking practices. There is also an inherent issue with 
ethnoarchaeology. This stems from the assumption of continuity between modern 
ethnographic observations and behaviours in the past (Binford 1967; David and Kramer 2001; 
Wolverton and Lyman 2000). For example, An-barra processing techniques may not be 
analogous to other places and times (Meehan 1982). Therefore, it is important to consider 
the range of variables that are present, as well as aspects that are assumed to occur, when 
creating methodological approaches in experimental studies. This can include microstructural 
differences between shell, possible temperatures reached by different fuel types, and type of 
thermal alteration being conducted. Each of these variables are immanent processes 
(Wolverton and Lyman 2000) that hold in all times and places, which can be used to 
understand particular thermal traces on shell. 
The minimal research in this area of experimental archaeology highlights this lack of 
consideration of each variable, which impacts upon the traces left behind by thermal 
alteration. March et al. (2014) emphasise the importance of considering a range of variables 
for realistic experiments. Experimental studies are highly complex with each variable 
influencing the final thermal traces left on the shell. Two key variables that are not always 
considered in the recording of burning on shell but are considered in the thermal experiment 
of this thesis, are shell microstructure and thermal method (burning versus heating). Studies 
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show that there are clear variations in conversions to calcite depending on shell species and 
temperature (Aldeias et al. 2016; Milano et al. 2016, 2018; Müller et al. 2017). This reinforces 
that each microstructural type needs to be considered as a variable in how thermal alteration 
will affect different shells. Results from the experiments on thermal alteration presented in 
Chapter 3 also stressed the importance of how different shell structures change in their 
macroscopic, microscopic and mineralogical properties due to different cooking methods. 
The fundamental differences between burning and heating methods of cooking need to be 
adequately considered as particular methods of cooking influence shell in different ways.  
Distinguishing between these two processes is based on the understanding of 
combustion and pyrolysis. Combustion or burning of shell occurs with direct contact to the 
components of a fire (fuel from wood, grass, or coals and oxygen), which includes cooking 
methods of roasting over coals/flames. On the other hand, pyrolysis or heating explicitly 
refers to the chemical decomposition of shell through the application of heat in the absence 
or near absence of oxygen (Turns 1996), with methods of cooking include buried ovens or 
steaming.  
Control or heated samples for thermal experimental studies use muffle furnaces to 
heat the shells to desired temperatures in a controlled environment. Unlike cooking using 
components of a fire, a muffle furnace separates the subject material from the fuel or any 
products of combustion, and thus solely heats the material. This needs to be considered when 
comparing heated samples to burnt samples. There were clear differences in the macro, 
microstructural, and mineralogical changes of varying species despite the same duration and 
temperature in burning and heating methods (Chapter 3). For the most part, heating had a 
greater impact on the shell than burning did. Burning, however, caused greater loss in shell 
measurements and weight due to increased thermal fracturing.   
The recording of burning on shell is based on the assumption that each shell will be 
altered in a similar manner, and thus basic standard recording via visual assessment of 
burning is not adequate to create interpretations of overall cooking behaviours. Shell species 
and particular cooking methods were variables explored in this thesis, however, another key 
aspect to consider in the recording of thermal alteration on shell in the future is connected 
to fuel type (Py and Ancel 2006). Certain fuels can burn longer and hotter than others. Aldeias 
et al. (2016) explored the effects of different fuel types in the ‘fire above’ method. Pine wood 
burned hotter and for longer compared to the pine needles and embers (Aldeias et al. 2016). 
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Although different fuel types were not considered in the experimental study in this thesis, 
future studies should explore this variable to distinguish between various traces of burning. 
With variability in the visual traces of burning depending on species, method, and fuel type, 
methods of recording the grade of burning on a shell becomes problematic. This was 
addressed in this thesis through a grading system that assessed burning in grades from minor 
to major as well as analysing results for specific shell species. Therefore, any changes in grade 
between spits for particular species could be discussed in terms of behavioural patterns with 
greater precision. Milano et al. (2018:453) also explore the specific traces left behind by 
different shell processing temperatures, stating that ‘shellfish from the Mesolithic period at 
Haua Fteah were probably processed underneath woody fires’. This is based on studies 
(Aldeias et al. 2016; March et al. 2014; Wolf et al. 2013) that show high temperatures (600-
700°C) are reached by woody fires, however, further studies on fuel type and proximity to 
fires needs to be explored as this may not be the case for all shell species or cooking methods.  
The results from the thermal experiment outlined in this thesis are broadly similar to 
previous studies, however there are clear variations between species/microstructures and 
cooking methods that are particular to the Indo-Pacific. Microstructural types need to be 
considered when recording taphonomic processes on archaeological shell. The Golo Cave 
assemblage was dominated by limpets and nerites which are made/partially made of either 
crossed-lamellar or a mixture of prismatic, nacreous and crossed-lamellar structures (Sasaki 
2011; Fuchigami and Sasaki 2005; Nakano and Ozawa 2007). These structures were greatly 
affected by burning and heating in the thermal experiment (Chapter 3). Whether the shell 
species with these microstructures in the thermal experiment (T. granosa, G. expansa, P. 
maxima, and T. setosus) are analogous with archaeological limpet and nerite species needs 
to be explored through further experimental studies. Nevertheless, as the dominant shell 
species present in the M4 Golo midden are a similar microstructure, a clearer comparison 
between species was discussed (Chapter 6). This was not only the case for recorded burning 
but also for other taphonomic processes. 
ii. Acid dissolution 
Variability of behavioural and ecological contexts are factors in identifying and 
recording other taphonomic processes, like acid dissolution, on shell. In comparison to the 
array of studies on the effects of acid dissolution on shell in marine environments, there is a 
paucity of studies based in terrestrial environments. A handful of studies (Collins 2012; 
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Hughes and Lampert 1977; Kent 1992 and Sullivan 1993) explore dissolution on shells in 
archaeological contexts, however, further studies are still needed to understand the range of 
variables that effect the traces of dissolution left on shells. As the process of acid dissolution 
is a gradual one, long-term experimental studies dealing with dissolution on shell are 
negligible. Longer-term studies are needed to fully understand the effects of dissolution. 
Nevertheless, the experimental study outlined in this thesis highlighted key differences in the 
traces left behind by dissolution through a range of variables.  
Different species/microstructures of shell impacted the pH of each sediment type, 
suggesting that the decomposition of calcium carbonate can affect the surrounding sediment 
in distinct ways. This is especially the case when dealing with middens that contain an array 
of shell species/microstructures. Despite showing a greater degree of dissolution traces than 
Turbo setosus, the S. glomerata compost sediment remained acidic which contrasted with the 
Turbo setosus compost pH levels. This revealed that changes in sediment pH levels are more 
complicated than initially discussed in the literature (Kent 1992:16). The experimental study 
also found that the relationship between the shell and the sediment location/depth impacted 
the pH level, with sediment closer to the shell (interior or underneath) showing greater 
buffering to neutral levels. Greater comprehension of how the diagenesis of differing 
microstructures impact the surrounding sediment is needed. Longer duration experiments as 
well as a mixture of shells and varying saturation levels would provide a clearer understanding 
of the different variables at play. 
Acidic sediment and thermal alteration increased the extent of chemical degradation 
on both species of shell. The foliate microstructure of S. glomerata, however, was more 
susceptible to dissolution than the prismatic and nacreous structures of Turbo setosus 
Contrary to Claassen (1998), S. glomerata lost colour and lustre with dissolution. These results 
could be directly applicable to the recording of dissolution on archaeological specimens of 
these particular shell species. The focus for the archaeological material, however, was the 
overall progression of dissolution on all shell through the recording of clear traces of 
dissolution, which were identified and graded based on the experimental results.  
Results of dissolution recorded on archaeological material revealed only a minor grade 
of chemical degradation occurring in Golo Cave. This did not alter throughout the sequence 
which suggests a stable environmental context. Minor variation only occurred between shell 
species, particularly P. striata, where the grade reached minor/medium. This is related to a 
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larger grade and extent of abrasion impacting on the exterior surface of this species. Minor 
dissolution of the archaeological material has aided in the preservation of shell remains over 
such a long time-span (over 34,000 years for material in square M4) but this would likely 
contrast with open contexts. 
 
D. Preservation Bias 
Golo Cave is an important archaeological site in Australasia, containing some of the 
oldest evidence of marine subsistence in the region. Pleistocene dates are sparse in 
comparison to Holocene dates, which can be linked to preservation issues that are common 
in this region. These issues include increased diagenesis compared to non-tropical regions, 
due to the wetter and hotter tropical environment, as well as preservation bias between 
protected cave/rock shelters and open sites. Another major factor complicating site 
preservation is sea-level rise (Erlandson 2001), which has been argued to be a key factor in 
the lack of Pleistocene coastal sites in Australia (Rowland and Ulm 2012). Studies regarding 
the submersion of coastal sites older than the early Holocene around the globe have been 
considered in recent years (Bailey et al. 2017; Ward et al. 2013). This can be an acute issue 
for archaeological sites in the Indo-Pacific (especially low-lying islands), however this depends 
on the morphology and timing of formation of these islands. Additionally, sites on tropical 
coastlines are exposed to extreme weather events (e.g. cyclones, king tides) which have 
resulted in the hypothesised loss of numerous archaeological sites (Bird 1992; Przywolnik 
2002). Similar issues of preservation also exist for any archaeological sites on a coastline or in 
a tropical location (Erlandson 2001; Lovis et al. 2012; Rick 2002).  
The long-term preservation of organic remains is problematic compared to non-
organic archaeological remains. There are numerous variables that effect the rate of 
degradation of archaeological material, especially in middens where a range of different 
faunal remains mix with artefacts and sediment matrixes. These variables are linked to 
taphonomic processes that impact the visibility of archaeological sites in this region.  
i. Tropical 
There is an implicit bias of diagenesis on shell based upon a range of factors such as 
specific shell microstructure along with the presence and extent of various taphonomic 
processes on individual shell (see Golo Cave results). These taphonomic signatures need to 
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be considered in terms of other processes acting in unison as well as any contextual 
information of the shell and surrounding matrix (Madgwick 2016). In tropical environments, 
high humidity and rainfall expediate acid dissolution whilst bioturbators and bioeroders 
slowly degrade the shell. This can contrast with sites in cooler climates (Hollesen et al. 2018) 
where preservation of faunal remains is overall better than sites in tropical environments. 
Wetland sites also preserve organic material well due to the suppression of aerobic microbial 
activity from constant waterlogging (High et al. 2016). It is important to consider the particular 
contextual information for a site as a range of variables will affect the preservation of material 
(Caple 2004). This may include oxygen, changes in water levels, pH, and organic matter (Caple 
2004) and links back to the ecological context (discussed in Chapter 1) of the site. A significant 
factor in the poor preservation of material in the Indo-Pacific is related to exposure to natural 
elements.  
ii. Site type 
The oldest archaeological sites in the Indo-Pacific are found in cave/rock shelters. These 
include Golo Cave and Buang Merabak (table 7.1) which show evidence of human occupation 
over 34,000 years ago through zooarchaeological remains. Overall, caves and rock shelters 
make up the majority of archaeological sites dated to the Pleistocene in Sahul (Smith and 
Sharp 1993), however not all of these sites contain faunal remains that date to the oldest 
layer. Preservation of faunal remains are possible due to a range of site formation and 
transformation factors. The protected nature of caves and rock shelter sites can enable 
archaeological remains to escape the onslaught of rain, wind, sun and sediment disturbance 
that open sites are more susceptible to. However, this is not always the case for all caves and 
rock-shelters, as factors such as animal-activity, rock-fall, run-through from rain, and the 
varying minerals present in the surrounding rock can be detrimental to the preservation of 
material. An example of this is seen at Lachitu (Papua New Guinea) where clasts of breccia, 
formed in limestone caves, contained cultural material (O’Connor et al. 2017) that was eroded 
and re-deposited onto the current cave floor, which subsequently biased the archaeological 
record.  
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Table 7-1: Oldest archaeological sites in the Indo-Pacific region that contain shell. *sites with faunal remains at 
oldest date, + sites where oldest date obtained from a shell sample, dates are approximate non-calibrated ages 
(after Smith and Sharp 1993). 
 
Processes occurring in tropical caves are complicated (Gillieson 1996) and pose 
numerous problems to interpretations of archaeological material. Although there was good 
preservation of faunal material at Lachitu, other depositional processes impacted the 
chronological context and integrity of the deposit by creating palimpsests. The variability of 
preservation for faunal remains is highlighted in table 7.1 where only a handful of Pleistocene 
sites contain shell material at the oldest layer. A number of these sites also have preserved 
vertebrate remains. Since the overall preservation of shell material, along with charcoal and 
phytoliths (Bellwood et al. 2019), is fairly good at Golo Cave, the lack of vertebrate remains 
below 140cm appears to be a behavioural cause. As bone tends to have a high degree of 
Site Location Approx. date Published Site Type 
Golo Cave*+ Gebe Island 35kya Bellwood 1998 Cave 
Buang Merabak*+ New Ireland 39kya 
Leavesley and 
Chappell 2004 
Rock-shelter 
Matenkupkum New Ireland 35kya Allen 1994 Rock-shelter 
Lachitu* PNG 35kya Gorecki 1993 Rock-shelter 
Nombe PNG 26kya Mountain 1991 Cave 
Kilu*+ Buka 28kya Wickler 2001 Rock-shelter 
Devil’s Lair Australia 47kya Turney et al. 2001 Cave 
Carpenter’s Gap 1 Australia 42kya 
McConnell and 
O’Connor 1999 
Cave 
Riwi*+ Australia 40kya Balme 2000 Rock-shelter 
Madjedbebe Australia 65kya 
Clarkson et al. 
2017 
Rock-shelter 
Lake Tandou*+ Australia 36kya 
Balme and Hope 
1990 
Open 
Mandu Mandu*+ Australia 34kya Morse 1993 Rock-shelter 
Noala Cave*+ Australia 27kya Veth 1993 Cave 
Boodie Cave Australia 50kya Ward et al. 2017 Cave 
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preservation in shell middens or mounds (Linse 1992) the lack of vertebrate remains suggest 
a lack of discard at lower depths. Microscopic and mineralogical examination of the sediment 
would determine if any bone was taphonomically altered and present in the last Pleistocene 
sequence, however the preservation of shell material indicates that if bone were present it 
would have likely preserved. This links back to the importance of considering the range of 
variables in the surrounding ecological context to understand the formation and 
transformation processes occurring in archaeological sites. 
 
E. Life History of a Shell 
Each shell has its own history which needs to be considered and analysed at the 
individual level (Gifford 1981:385) before piecing together the formation and transformation 
of the site. There is a range of taphonomic processes that occur at different stages of a shell’s 
life. This includes processes which act on the living mollusc, gathering practices, processing 
methods, as well as depositional and post-depositional processes. Consideration of all of 
these processes at various stages is needed for strong archaeological interpretations as the 
non/mis-identification of particular processes can lead to unreliable dates and interpretations 
of human occupation. An example of the importance of recognising such processes can be 
seen with hermit crabs (see Szabó 2012 for further discussion) or sediment processes (see 
above discussion on Lachitu, O’Connor et al. 2017). As every shell cannot be realistically 
dated, other methods of analysis provide contextual information on the formation and 
transformation of shell material. This was undertaken in this thesis through high-resolution 
taphonomic analyses of the Golo Cave shell assemblage, which highlighted particular patterns 
in overall taphonomic results as well as specific patterns on the dominant shell species. How 
these findings compare with other studies that record shell taphonomy are explored below 
under the three main life-history stages: pre-depositional, depositional, and post-
depositional (figure 7.1). There are few archaeological studies that record the entire 
taphonomic state of shell (Hammond 2014; Henderson et al. 2002; Muckle 1985; Rick et al. 
2006), therefore comparisons are primarily drawn from palaeontology or partial taphonomic 
studies. Distinct archaeological studies on particular processes and agents show how 
taphonomic processes varies between sites, and in turn impacts interpretations regarding the 
formation and transformation of shell-bearing archaeological sites. 
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Figure 7-1: Flow chart showing the taphonomic life history of a shell with a range of possible pathways. With 
each depositional process influencing one another. 
 
i. Pre-depositional 
 Living mollusc 
Even before human procurement, a mollusc is subjected to numerous biotic and abiotic 
processes which can cause morphological, microstructural, mineralogical, and chemical 
changes, each of which impact preservation and subsequent analytical results. Predation 
attempts from crabs, fish, birds, cephalopods, and gastropods can leave behind distinct marks 
on a mollusc’s shell. Marine bioeroders are also major biotic agents and can include sponges, 
barnacles, and bacteria. Biotic processes may impact the archaeological preservation of the 
shell as external predation and bioerosion can affect the shell’s structural integrity. A detailed 
review of relevant literature (Chapter 2) provided the needed data to identify particular 
agents of predation, this information was in turn incorporated into the taphonomic 
methodological section of this thesis (Chapter 5). Results from the Golo Cave shell analyses 
showed little evidence of biotic agents apart from minor clionid sponge, barnacle and worm 
damage on shell species such as Turbo setosus and Nerita spp. 
This evidence contrasts with abiotic processes such as changes in salinity, water 
temperature, and nutrient supply. These abiotic processes are impossible to visually identify. 
Although not within the scope of this thesis, microscopic and chemical analyses of the shell 
structure along with isotopic and mineralogical ratios would highlight abiotic changes of 
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temperature and salinity during the mollusc’s life. Numerous studies use shell as proxies to 
explore environmental changes (Alvarez et al. 2011; Bar-Yosef Mayer et al. 2012; Burchell et 
al. 2013; Colonese et al. 2017; Prendergast et al. 2013) that can be associated with particular 
foraging behaviours, such as periods of increased/decreased marine subsistence or dietary 
shifts. While microscopic and chemical analyses on shell provide valuable environmental data, 
abiotic factors are unlikely to affect archaeological shell preservation. As processing and 
diagenesis can influence isotopic results (Larsen 2015; Milano et al. 2016), taphonomic 
analyses may help to separate particular species or specimens for focussed 
microscopic/chemical analysis. Of the Golo Cave shell material, the limpet species could 
provide data on changes in the season of collection (Gutiérrez-Zugasti et al. 2017), however 
care would need to be taken to ensure samples were not burnt/heated, which relates to the 
identification of cooking/thermal modification on particular microstructures. The 
identification of thermal alteration is significant in isotopic analysis as changes in temperature 
effect carbon and oxygen isotope results (Epstein 1953) thus creating errors in environmental 
reconstructions. 
 Gathering 
Ethnoarchaeology provides the crux of knowledge regarding possible shellfish gathering 
practices as well as processing methods (Waselkov 1987). As discussed above, uncritical 
application of ethnoarchaeological observations to archaeological data is problematic. At this 
stage of the shell’s life, physical damage is the only taphonomic trace visible on archaeological 
shell that can be linked to gathering processes. Any damage to a shell from procurement is 
likely dependent on whether the mollusc can be easily pried from the substrate. Considering 
ethnographic observations of shell gathering (Waselkov 1987) as well as the shell morphology 
of species in the Indo-Pacific, possible damage primarily concerns rocky-intertidal or 
mangrove shell species that attach themselves to the rocky substrate or mangrove stems and 
cannot be easily removed without external force. The force applied to the shell may chip away 
portions of the shell margin (e.g. limpets and oysters). This was possibly seen on the Golo 
Cave limpets, with fracturing focussed around the margins of the shell. Not all fractured 
margins can be taken as a sign of procurement, as it is unlikely that large portions of missing 
margins leaving sharp edges behind were caused during gathering. These larger fractures are 
more likely from post-depositional fragmentation (Bosch et al. 2015) based on the 
morphology of the sharp margin breaks. On the other hand, large portions of missing margins 
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with rounded edges may be due to working. Szabó and Koppel (2015) found a number of S. 
flexuosa shells that were used as expedient tools based on smoothing and location of edges, 
which suggests that missing margins on the other two limpet species (C. radiata and P. striata) 
may also be from working. However, examination of the fragmented margins of these two 
species showed no evidence of working. Thus, missing margins on C. radiata and P. striata 
were either due to gathering practices or post-depositional fragmentation. Differences in the 
fracture edge can provide information on the cause of fracture, however actualistic studies 
need to be undertaken to discern the agents of fragmentation. 
  Processing 
Processing techniques vary between shell species and available resources as well as 
between different populations (see Walselkov 1987). There are however common methods 
of cooking and cleaning shell that have been recorded by numerous ethnographers and 
ethnoarchaeologists (Bird et al. 2004; Meehan 1982; Waselkov 1987). Nevertheless, specific 
taphonomic traces can be interrelated to distinct actions and agents of processing. These are 
focussed on cooking techniques and meat extraction. The purposeful breakage of the apex or 
body of certain gastropod species to extract meat (see Waselkov 1987:103) leave behind 
distinct traces and patterns on archaeological material that can be recorded and inferred to 
signify this human behaviour. Disarticulation of left and right values during processing can be 
caused by the opening of a bivalve through heating of the mollusc, which enables meat 
extraction. However, disarticulation also occurs during post-deposition (Muckle 1985:41) 
when the organic ligaments decompose and physical stress from trampling or sediment 
pressure separate the valves. Muckle (1985:42) also suggests that deposits with high 
proportions of articulated valves may indicate a lack of thermal processing or rapid deposition 
and burial of shells. Both scenarios are linked to the preservation of the organic ligament 
which holds the valves in place. Archaeological traces of shell processing can be identified 
with a combined understanding of processing techniques and their subsequent taphonomic 
traces, which links back to the importance of actualistic studies (discussed above). 
As outlined in Chapter 3, through my own results and studies by others (e.g. Aldeias et 
al. 2016; Spennemann 2004), there are differences between the traces left behind by certain 
cooking processes, such as roasting over coals or heating in an oven. This is extremely 
dependent on the shell species as each microstructural type degrades in different ways. 
Variation also occurs with molluscs that have been overcooked or left in hearths, which may 
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show traces of accelerated archaeological degradation. Although some studies on shell 
middens report high percentages of burning (e.g. Hammond 2014; Milano et al. 2018), the 
results from the Golo Cave assemblage show a low percentage of burnt shells. Whether this 
disparity is due to differences in cooking practices or the inherent variability of visually 
identifying burning on particular shell species, needs to be investigated through 
microstructural and chemical analyses. Comparison between sites with the same shell species 
will provide a better understanding of variability in cooking behaviours.  
ii. Depositional 
The depositional stage of a shell’s life history can be divided into two categories that 
encompass either natural or anthropic processes. A number of studies (Bailey 1991; 
Erlandson and Moss 2001; Jazwa and Mather 2014; Sullivan and O’Connor 1993) have 
explored the differences between shells deposited by natural or cultural means, enabling 
archaeologists to distinguish between archaeological material and shell brought in by 
predators, bioturbators or processes such as storm surges. Natural deposits are distinguished 
through particular markers in the accumulation of shell material and sediment matrices. 
These can include the lack of artefacts, shell that is too small for food, increased species 
diversity, weathering and fragmentation (Erlandson and Moss 2001; Jazwa and Mather 2014). 
The presence of artefacts or human features with shell remains does not necessarily point to 
cultural deposition of the shell as animals are also natural transporters, conversely the lack of 
artefacts in a shell deposit does not mean that it is natural. Numerous animals can transport 
shell from aquatic to terrestrial habitats (Erlandson and Moss 2001), therefore an 
understanding of all the possible natural agents associated with each particular site is needed. 
Consideration of a number of criteria is needed to determine if a site was the result of human 
occupation: selectivity of shell species and size, remains of vertebrate fauna, stratigraphic 
features of human occupation (e.g. ash concentration), context and site location (Bailey 
1993). Taphonomic analysis of shell material can provide contextual information on whether 
particular shells were deposited naturally of culturally. Traces of predation, beach rolling or 
bioerosion contrast with burning, size selection or working and allow for a greater 
understanding of the formation of shell-bearing sites.  
A key aspect of the Golo Cave shell assemblage that concerns natural depositional 
processes are to do with the terrestrial snail remains. One of the five dominant species 
recorded through the sequence was P. kurri (a terrestrial snail), which was possibly self-
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introduced to the site. Although landsnails can be subsistence shell in this region (Rabett et 
al. 2011), the quantitative and taphonomic results of the Golo Cave landsnail analysis may 
suggest non-subsistence due to size, abundance, diversity, and distribution. However, further 
examination is needed to infer the depositional nature of the landsnail material. Another 
process that occurs at the depositional stage is hermit crabbing, which can introduce and 
remove gastropod shells from archaeological context (Szabó 2012) and has potential 
chronological impacts. This was encountered with shell material from Squares M5 and LM6 
at Golo Cave where hermit crabs confounded the chronological understanding of the site 
based on the radiocarbon dates taken from Turbo sp. shells (table 6.2). Assumptions of shell 
deposits being entirely anthropogenic may also result in over-estimating the dietary 
contribution of particular taxa. 
Landsnails and hermit crabs are the two main taphonomic agents that deposit non-
subsistence related shell at Golo Cave that are not subsistence related. It is important to 
separate distinctive depositional types as this clearly differentiates shell material that is linked 
to foraging behaviours as well as material that is not associated with subsistence or any kind 
of human behaviour.  
Cultural shell discard can be identified through traces on the individual shell along with 
contextual properties associated with accumulated shells. Evidence of major thermal 
alteration and in situ deposition within a hearth can suggest the shell was thrown into or left 
in the fire. Spatial and temporal positioning of accumulated shell also highlight zones of 
deposition which may indicate certain behavioural patterns of cooking, eating and discard. 
Separation of shell parts (e.g. left and right valves or spire from shell) may also link back to 
particular cooking and processing techniques (discussed above). This phase of a shell’s life 
history is where shell shifts to the archaeological record; however, due to a range of 
taphonomic reasons what was originally deposited is not always preserved, which leads to 
processes occurring in the post-depositional phase. 
iii. Post-depositional 
This phase of a shells taphonomic history concerns a range of natural and anthropic 
processes. It is at this stage that archaeological material, and in turn the site, undergoes 
transformation processes. The five key groups of taphonomic processes envelop the entire 
suite of possible processes that can occur during this stage. Fragmentation, thermal 
alteration, as well as physical, chemical, and biological processes impact the preservation of 
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shell, which also effects what is ultimately excavated from the ground. At Golo Cave, the 
major processes in each of these groups (apart from thermal alteration) occurred during the 
post-depositional phase. This included trampling and sediment pressure, smoothing of 
exterior surface, acid dissolution, and terrestrial boring. Traces from each of these processes 
show distinct taphonomic patterning associated with separate periods of deposition. 
Although not a process recorded on the Golo Cave material, eolian processes cause 
movement of sediment and faunal remains, as well as the development of a sheen on shell 
surfaces (Rick et al 2006). This is primarily a concern for open archaeological sites or less 
protected rock-shelters. However, cave and rock-shelter deposits can be impacted by fluvial 
processes (e.g. Stevens et al. 2005), which can transport shell and cause smoothing of the 
shell surface (Davies et al. 1990; Hammond 2014). As the degree of abrasion on shell from 
Golo Cave was minor and shell transportation was not recorded, fluvial processes appear to 
be minimal at this site. Although square M4 is 1-2m from the dripline (figure 6.2) the presence 
of stalagmites indicates water dripping from the ceiling which may influence other 
taphonomic processes such as shell dissolution and displacement. 
Movement or downward displacement of shell is recorded in the Golo Cave shell 
assemblage and is an issue seen in many archaeological sites, not just shell middens (Hill 2010; 
Marwick et al. 2017). A large component of downward displacement of shell is due to 
fragmentation as smaller pieces shift downwards with the aid of percolating water, swelling 
and drying matrices, bioturbation from ants or burrowing crabs, and gravity. Koppel et al. 
(2017) used Amino Acid Racemisation (AAR) to isolate Marcia hiantina fragments that were 
deposited in the late Holocene but were displaced into the Pleistocene layer. AAR provided a 
method of relative dating that could identify vertical displacement of shell remains as ratios 
of degradation were produced for a large sample size of shell, which were anchored with 
radiocarbon dates. This method could be used to provide greater insight into any mixing of 
material as well as spatial taphonomic patterning for the Golo Cave assemblage. Changes in 
fragmentation between some Golo Cave spits suggested minor downward displacement of 
shell. The movement of shell and surrounding matrix are the main effectors that cause 
smoothing of the exterior shell surface. This abrasive process is evident throughout the Golo 
assemblage and has likely increased shell degradation along with chemical and biological 
processes acting in unison.  
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The degradation of shells in calcareous soils are predominantly caused by 
fragmentation rather than dissolution (Carter 1990:498). The grade of dissolution at Golo is 
minor whilst fragmentation rates are high throughout the majority of the sequence. As the 
traces of dissolution remain steady through the sequence (minor grade), it is presumed that 
environmental conditions in the cave have remained relatively constant. This is surprising 
given that the sample from the M4 sequence includes material during the Last Glacial 
Maximum (LGM). In addition, the lack of an increase in dissolution of deeper shell deposits 
indicates that the accumulation of overlying shell was rapid enough to buffer lower remains. 
Whether these patterns continued above 140cm is unknown due to the lack of shell material, 
however analysis of vertebrate remains show a mixed degree of weathering along with high 
concretions of calcium carbonate (Hull et al. 2019). This may suggest environmental 
conditions had a greater impact on faunal remains in the Holocene. Differential preservation 
between faunal remains is also a possibility. The experimental dissolution results (Chapter 4) 
highlighted variation in the progression of dissolution between different shell 
microstructures. This was also found in the recording of dissolution on the Golo Cave shell. 
There was minor variation in grade between spits for each of the five-dominant species, 
however greater differences in the grade was seen between species, with P. striata and S. 
flexuosa being affected by dissolution more than the other three species. Once more, 
taphonomic processes are found to affect different shell species/microstructural types in 
variable ways. This is also the case for biological processes. 
Bioeroders were present throughout the Golo Cave sequence, however percentage and 
grade values varied depending on species and associated taphonomic processes. Limpet and 
landsnail species (P. kurri and S. flexuosa) were affected by bioeroders the most. Despite 
variability between shell species, the degree of tunnelling from terrestrial bioeroders 
remained minor overall and had a minimal impact on shell preservation. Traces of tunnelling 
from bioeroders are focussed on the interior surface of shells which may indicate that this 
surface was easier to erode into. This may be due to variability in the exterior and interior 
surface shell structures and protein matrices (Vermeij 1993). In addition, a negative 
correlation between the percentage of bioerosion recorded for each spit and the percentage 
of burning was discovered. An increase in burning resulted in a decrease in bioerosion. This 
correlation between biological processes and burning highlights an important issue in how 
different taphonomic processes can act in unison (figure 7.2), which can lead to differential 
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preservation of material between depositional events. Shell analysis methods need to 
consider that biases may occur between shell species and depositional events through the 
examination of all possible taphonomic processes.  
 
The combined taphonomic grade of the overall shell material at Golo Cave, as well as the 
five dominant species, highlights how varying taphonomic processes affect archaeological 
shell from all stages of a shell’s life history. The pre-depositional process of cooking was seen 
through traces of burning and thermal fracture on numerous shell material, whilst the 
depositional processes of hermit crabbing and landsnail activity highlighted the significance 
of natural depositional agents on the formation of the site. Post-depositional processes 
impacted the degradation of shell the most with trampling and sediment pressure 
fragmenting and abrading shell, along with acid dissolution and bioeroders slowly breaking 
down the calcium carbonate structures. As each of these taphonomic processes were 
considered in terms of when, where and how they occurred, analyses of any taphonomic 
patterns through the sequence were able to be conducted. Additionally, the consideration of 
each taphonomic process both individually and as a collection of interrelating processes 
enabled a clearer understanding and untangling of site formation and transformation that 
was not possible through conventional shell analysis. The examination of the taphonomic 
processes affecting the five dominant shell species over time and space showed that changes 
Burning
Fragmentation
AbrasionChemical
Biological
Figure 7-2: Venn diagram highlighting the inter-relationship between each taphonomic process. 
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in shell abundance and diversity were in fact behavioural and not adversely influenced by 
formation processes. This is an important aspect to consider when designing excavation and 
analytical methods. 
 
F. Methodological Issues 
The key methodological issues concerning shell midden research were briefly 
presented in Chapter 1. These included methods of excavation as well as analysis. Issues such 
as excavation via arbitrary spits, which destroys contextual evidence (Harris 1989:20) and 
mixes material from other strata, are a problem in shell midden research, particularly in 
Australian contexts (Ward et al 2016). Although excavation conforming to identifiable 
stratigraphy is preferred, stratified layers are not always easily recognisable and thus arbitrary 
units need to be used. However, as these spits are arbitrary it is difficult to distinguish 
formation patterns based solely on the quantification of shell. Therefore, a higher-resolution 
of analysis is needed. This can be presented through the recording of taphonomic processes 
on shell material. Even when stratigraphic layers or single contexts are visible there are issues 
with time-averaging of material, which is where analytical techniques like AAR can be useful 
(see Koppel et al 2016; 2017).  
High-resolution analysis may be in the form of improved methods of quantification 
through NRE and NISP (Harris et al. 2015) counts as well as fragmentation categories 
(Gutiérrez Zugasti, 2011). This thesis outlined a new method of measuring fragmentation 
rates of shell through the recording and quantification of broken shell specimens, which was 
implemented on the Golo Cave material. Results from this method provided more robust 
percentages in fragmented material than standard MNI and NISP quantification would. It also 
distinguished the category or grade of broken shell, which indicated changes in the extent of 
fragmentation through the sequence. The effects of fragmentation on quantification, 
preservation, and mixing of deposits have been emphasised as important factors to consider 
in shell middens. 
The range of taphonomic processes recorded for Golo Cave also enabled taphonomic 
patterning to be discerned. These patterns exposed three main phases of deposition which 
were separated into individual events based on increases and decreases in the percentage 
and grade of taphonomic traces. Distinct differences in taphonomic values infers changes in 
the operation of different processes, which can be from both natural and cultural agents. This 
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high-resolution analysis of taphonomy allows for a greater understanding of the formation 
and transformation of the archaeological record.  
The addition of new radiocarbon dates also provided an increased degree of 
chronological control for the taphonomic analyses. A major methodological issue in shell 
midden research is related to chronology and reliable dates. Reliable chronological resolution 
of both cave/rock-shelter and open sites are necessary for robust interpretations of the 
archaeological record. There are common issues that shell material in any site type are 
susceptible to. Marine calibration curves and delta R variability (Ascough et al. 2005), 
recrystallisation of calcium carbonate (Yates 1986), and isotopic uptake in certain species 
(Twaddle et al. 2017) all affect the reliability of radiocarbon dates on marine shell. Issues with 
absolute dating on archaeological shell material impacts overall chronology of human 
occupation in this region. Advances in analytical methods (Demarchi et al. 2011; Hausmann 
and Meredith-Williams 2017; Hogg et al. 1998; Mannino et al. 2003; Petchey et al. 2012) have 
improved error margins in marine shell dates as well as overall site chronology.  
The taphonomic processes identified at Golo Cave impact radiocarbon dating and 
isotopic analysis in a number of ways. Firstly, visible traces of burning on portions of the shell 
material in every spit (apart from one) impact carbon and oxygen elements which result in 
analytical errors in radiocarbon and isotopic analyses. Although these visibly burnt shell can 
be avoided for sampling, experimental studies show that different shell 
species/microstructures are impacted by thermal alteration in different ways. As such, visible 
evidence of burning may not be present, and identification of thermal alteration cannot be 
determined until samples are run through dating laboratories. A greater understanding of 
how specific shell are altered by different thermal processes can help archaeologists select 
suitable shell for dating or isotopic analysis. Secondly, the identification of bioturbation by 
hermit crabs not only ensures over-estimates of subsistence shell are not made, but also the 
selection of shell for dating is reliable. Shells with evidence of hermit crabbing should not be 
dated and shell species known for being used by hermit crabs should be avoided where 
possible. Finally, recrystallisation of calcium carbonate due to diagenesis affects radiocarbon 
dates. As each shell was examined through the taphonomic analysis, the best-preserved shells 
could be easily chosen for dating, however as dissolution of shell at Golo Cave was 
consistently minor, selection of samples where more focused on identifying unburnt shell. 
Although isotopic analysis was not undertaken for the Golo Cave shell assemblage, a 
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combination of radiocarbon dates and taphonomic analyses provided a robust chronological 
overview of the events of deposition occurring in this cave site. This was possible as each shell 
was analysed through its individual taphonomic pathway as well as the overall taphonomic 
patterning which occurred within the sequence. 
 
G. Key findings and implications for archaeology 
The key findings from this thesis are separated into experimental and archaeological 
results that each have implications for archaeological research. Variability is central to these 
findings as numerous factors impact each of the processes and in turn their traces on shell. 
This was emphasised through experimental studies which show that variation occurs in how 
different shell microstructures react to thermal and chemical processes. Different methods 
of cooking (burning versus heating) affect the traces of thermal alteration in different ways, 
whilst shell microstructure influences how a shell will degrade when subjected to these 
different cooking methods (Aldeias et al. 2016; Lindauer et al. 2018; Milano et al. 2016, 2018; 
Müller et al. 2017). In addition, experimental studies showed that sediment type and thermal 
alteration of a shell impact the progression of acid dissolution. These are all important factors 
to consider when undertaking standard shell analysis as well as high-resolution taphonomic 
analysis. The standard methods of shell analysis do not take into consideration the differential 
preservation bias between shell species/microstructures. Interpretations on any shifts in 
species abundance and diversity need to be considered along-side taphonomic results as 
changes in sediment, thermal alteration, or microstructure may be influencing the dataset. 
Burning clearly had an effect on rates of fragmentation and bioerosion for the Golo Cave shell 
material. However, precise analysis of individual shell species and their taphonomic traces 
revealed that changes in species abundance and diversity through the sequence were 
behavioural rather than taphonomic in nature. Improved methodological approaches to shell 
midden analysis can only improve our interpretations of human subsistence behaviours in the 
past. 
Taphonomic analyses of the shell material from the M4 sample, Golo Cave indicate that 
this material is well preserved with fragmentation being the major degrading process. As it is 
unlikely that vertebrate remains below 140 cm succumbed to taphonomic processes that did 
not also leave traces on the shell material, the lack of bone is argued to be a behavioural 
  259 
factor rather than a taphonomic one. It is possible that fish bones were also present but did 
not preserve due to their fragility. The rough sea conditions of the north-east facing coastline 
that Golo Cave is situated on (Bellwood 2019) may explain the lack of fish remains. However, 
fish bones along with reptile and mammal bones were recovered from the upper deposits, 
suggesting that either coastal conditions for fishing or hunting strategies changed during the 
Holocene. Therefore, the Pleistocene and LGM sequence at Golo Cave was focussed on an 
invertebrate subsistence economy, mainly rocky intertidal species. A similar pattern of marine 
exploitation is seen on the Talaud islands, northern Sulawesi (Ono et al. 2009), however there 
was a total lack of vertebrate remains throughout the Pleistocene and Holocene sequence.  
Based on the high-resolution taphonomic shell analysis of M4, Golo Cave material, along 
with chronological insight from radiocarbon dates, initial human occupation during the late 
Pleistocene (35,000-34,000 cal BP) was consistent yet minimal in terms of marine 
invertebrate exploitation. This was followed by increased invertebrate subsistence and 
human occupation around 34,000-31,000 cal BP, which also saw increased traces of burning 
overall as well as for all five dominant species, suggesting changes in the behaviours of 
processing shell. A decrease in shell leading into the LGM is followed by intermittent events 
of minor invertebrate resource exploitation and non-occupation (31,000 – 13,000 cal BP). This 
continued until the early Holocene transition which saw the appearance of both vertebrate 
and invertebrate resource exploitation (Hull et al. 2019). Finally, a major increase in marine 
and terrestrial resource exploitation occurred through the Holocene period (Bellwood 1998).  
Analyses of the shell material provided a more nuanced understanding of the intensity 
and nature of human occupation during the late Pleistocene period at Golo Cave. Changes in 
shell taxa over time can also indicate environmental changes, however the dominant species 
remain consistently from the rocky upper intertidal zone with variability primarily occurring 
with shell abundance rather than diversity. Nevertheless, the appearance of S. flexuosa in the 
increased occupation phase may be due to both behavioural and environmental changes. 
These changes could be linked to a specific targeting of taxa to create expedient tool making 
from S. flexuosa (Szabó 2019; Szabó and Koppel 2015) as the recorded tools only make up a 
small portion of this recorded taxon, however, as Szabó and Koppel (2015) showed, 
considerable use was needed to generate visible wear. Therefore, the identified S. flexuosa 
tools are likely to be an under-representation of the overall assemblage.  
  260 
The active exploitation of marine resources, particularly shell, in the late Pleistocene is 
evident in a number of archaeological sites in the Wallacea and Sahul regions (e.g. Leavesley 
and Allen 1998; Ono 2009; Wickler 2001). A decrease in marine exploitation at Golo Cave 
during the LGM may be due to instability of sea-levels and changing ecological niches as well 
as increased distance from the coast (see Erlandson 2001). However, Golo Cave is 60 m from 
the current-day beach and due to the morphology of Gebe Island changes in sea-level would 
have had little effect on the distance from the coast to the site during the Pleistocene and 
LGM. Therefore, habitat stabilisation may have contributed to the decrease in invertebrate 
remains deposited at Golo during the LGM transition. Stabilisation of the coastline during the 
Holocene coincides with the steady increase in marine (and terrestrial) resource exploitation 
(see Bellwood 1998), which is comparable to numerous other sites not only in this region, but 
worldwide (Binford 1968; Erlandson 2001).  
This thesis showed that distinct taphonomic patterning could be identified through high-
resolution taphonomic analyses of archaeological shell material, which in turn revealed 
distinct depositional events through a combination of taphonomic patterning and 
chronological data. Taphonomic analysis can be used to untangle site formation processes in 
shell-bearing sites throughout the world; however, consideration of the range of site-specific 
processes and ecological contexts are needed to ensure robust interpretations. The 
distinction between anthropic and non-anthropic depositional processes is key to this 
analysis. Identifying the nature of shell deposition ensures over-estimations of shell 
abundance and diversity are avoided, and accurate inferences pertaining to the formation of 
the site are made. 
 
H. Further Research 
As this area of archaeomalacological research is limited, there are numerous aspects to 
explore to continue our understanding of taphonomy. This includes a range of experimental 
studies. Further research into thermal alteration and acid dissolution would build upon the 
baseline research presented in this thesis, to explore a greater range of shell 
species/microstructures. Increased duration in dissolution experiments would also provide a 
greater understanding of the complete progression of this process on shell. Experiments 
exploring other taphonomic processes (such as trampling and bioerosion) in terms of a range 
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of species/microstructures and variables, such as sediment, moisture, and temperature, are 
also needed. Comparing these experimental results with the detailed analysis of 
archaeological shell (with a particular focus on burning and acid dissolution) is needed in 
future archaeomalacological research. These experimental studies will enable archaeologists 
to build upon current findings to explore the impact that different variables have on the 
taphonomic traces left behind. Combined studies on numerous taphonomic processes can 
also determine how each process acts upon one another and thus understand the sources 
behind the diagenetic state of archaeological shell. This thesis isolated a number of important 
taphonomic signatures at a fundamental level, however a more in-depth understanding of 
different variables is needed to robustly untangle site formation and transportation 
processes.  
In terms of archaeological shell-bearing sites, the results from Golo Cave untangled 
taphonomic processes to reveal distinct formation and transformation events that could be 
linked to particular changes in human occupation. Although taphonomic analysis revealed 
these patterns and events, potential mixing of material within the arbitrary spits could not be 
pinpointed. Further analysis using techniques such as AAR and AMS dating can begin to 
explore the extent of time-average deposits (see Koppel et al. 2017). Together with the 
taphonomic analyses, AAR dating would enable a spatio-temporal resolution of the sequence 
to be examined. Further anchoring with AMS radiocarbon dates would also provide valuable 
data on the timing of deposition. Clumped-isotope analysis may also be valuable in 
differentiating between prehistoric cooking methods on the Golo Cave shell and help identify 
thermally altered shell that did not exhibit any visually apparent signs of cooking (see Müller 
et al. 2017). A comparison of taphonomic results from different site types (whether cave, 
rock-shelter, or open site) in tropical and non-tropical locations would also indicate any 
similarities or differences in taphonomic patterning at different sites. This can be used to test 
if behavioural changes, that occurred at a site or on a regional level, actually transpired or 
were due to biases in preservation of material and site diagenesis. The detailed methods for 
taphonomic analysis of shell assemblages should be applied to other archaeological sites; 
especially those where issues and/or questions of preservation may bias the results of 
standard shell analysis, or finer detail regarding site formation is needed to create robust 
inferences. This may not be possible for every archaeological site due to the amount of work 
required, however, sites with either questionable dating and/or stratigraphy, as well as 
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variable preservation should be targeted. Replication of high-resolution taphonomic analyses 
allows for more extensive research questions pertaining to depositional behaviours and site 
formation processes, which in turn improve archaeological inferences of human behaviour in 
the past.  
I. Conclusion 
There is an inherent disjuncture between the initial deposition of archaeological shell 
material and what is eventually recovered, due to processes impacting the degradation and 
transformation of material as well as the site. As these processes can be difficult to identify, 
experimental studies provide the means to accurately record the extent and progression of 
the taphonomic traces left on shell by considering the numerous variables at play. Results 
from the thermal and chemical experimental studies in this thesis are a starting point in 
unravelling the plethora of traces that differing taphonomic processes leave behind on shell. 
These findings allow for a more nuanced understanding of the formation and transformation 
of shell material through the distinction of anthropic and non-anthropic processes.  
This thesis showed first-hand that an understanding of how anthropic and non-anthropic 
taphonomic processes affect archaeological shell material, can improve inferences on site 
formation and transformation through the analysis of the Golo Cave shell assemblage. A 
unique approach in recording taphonomy of shell was used to analyse the Golo Cave shell, 
which in turn revealed distinct taphonomic patterns. These results were combined with 
radiocarbon dates to build a relative-chronology of the cultural and natural events that 
occurred during the formation of the site. Changes in depositional events revealed 
invertebrate resource exploitation fluctuated through the last Pleistocene, LGM and early 
Holocene transition periods. In conclusion, the complete consideration of a shell’s life history 
and taphonomic pathway allowed for more comprehensive research questions to be explored 
as well as robust interpretations of the data to be made. The methods employed here are not 
only applicable to tropical environments, but world-wide, as higher-resolution analyses of 
shell material can only improve our understandings of the archaeological record. This allows 
for greater precision in our interpretations of changes in the environment, archaeological site 
formation, human behaviours, and the chronology of depositional events.  
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9. APPENDICES 
 
A. Macroscopic photographs from thermal experiment – T. granosa 
 
  
TG06 Coals 5 mins, before burning (top), after burning (bottom) 
TG08 Coals 10 mins, before (top) and after (bottom) experiment. Left bottom showing 
thermal fracturing on exterior surface (black borders). 
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TG01 Flames 10 mins, interior and exterior surface before (top) and after (bottom) 
burning. Hairline fractures along growth lines on interior surface (bottom right) 
 TG02 Flames 5 minutes, interior and exterior surface before (top) and after (bottom) 
burning. 
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TG27 600 °C 10 minutes. Exterior and interior surfaces before (top) and after (bottom). Flaking and 
hairline fractures on interior surface (right bottom). 
TG25 600 °C 5 minutes. Exterior and interior surfaces before (top) and after (bottom). Thermal 
fracturing on exterior surface (left bottom) and flaking and hairline fractures on interior surface 
(right bottom). 
  295 
 
  
 TG23 400 °C 10 minutes. Exterior and interior surfaces before (top) and after (bottom). Thermal 
fracturing on exterior surface (left bottom) and flaking and hairline fractures on interior surface 
(right bottom). 
 TG21 400 °C 5 minutes. Exterior and interior surfaces before (top) and after (bottom). Thermal 
fracturing on exterior surface (left bottom) and flaking on interior surface (right bottom). 
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B. Macroscopic photographs from thermal experiment – G. expansa 
 
 
  
GE06 coals 5 minutes. Exterior and interior surfaces before (top) and after (bottom). Thermal 
fracturing on exterior surface (left bottom) and flaking on interior surface (right bottom). 
GE07 coals 10 minutes. Exterior and interior surfaces before (top) and after (bottom). Thermal 
fracturing on exterior surface (left bottom) and flaking on interior surface (right bottom). 
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GE01 flames 5 mins. Exterior and interior surfaces before (top) and after (bottom). Thermal 
fracturing on exterior surface (left bottom) and flaking and hairline fractures on interior 
surface (right bottom). 
GE02 Flames 10 minutes. Exterior and interior surfaces before (top) and after (bottom). Thermal 
fracturing on exterior surface (left bottom), and flaking and hairline fractures on interior surface 
(right bottom). 
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GE21 400°C 5 minutes. Exterior and interior surfaces before (top) and after (bottom). Thermal 
fracture on exterior (left bottom), and flaking and hairline fractures on interior (right bottom). 
 GE23 400°C 10 minutes. Exterior and interior surfaces before (top) and after (bottom). Thermal 
fracture on exterior (left bottom), and flaking and hairline fractures on interior (right bottom). 
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GE25 600°C 5 minutes. Exterior and interior surfaces before (top) and after (bottom). Major thermal 
fracture and cracking on exterior (left bottom), and flaking and cracking on interior (right bottom). 
GE27 600 °C 10 minutes. Exterior and interior surfaces before (top) and after (bottom). Flaking and 
hairline fractures on interior (right bottom). 
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C.  Macroscopic photographs from thermal experiment – S. glomerata 
 
  
SG07 Coals 10 minutes. Exterior and interior surfaces before (top) and after (bottom) 
burning. 
SG05 Coals 5 minutes, exterior and interior surfaces before (top) and after (bottom) burning. 
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 SG01 Flames 10 minutes. Exterior and interior surfaces before (top) and after (bottom) burning. 
Thermal fracture on exterior umbo (left bottom) and flaking on interior surface (right bottom). 
SG03 Flames 5 minutes. Exterior and interior surfaces before (top) and after (bottom) burning. 
Flaking on interior surface (right bottom). 
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SG21 400°C 5 minutes. Exterior and interior surfaces before (top) and after (bottom) burning. 
Discolouration (left bottom) and flaking on interior surface (right bottom). 
SG23 400°C 10 minutes. Exterior and interior surfaces before (top) and after (bottom) burning. 
Flaking on interior surface (right bottom). 
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SG27 600°C 10 minutes, Exterior and interior surfaces before (top) and after (bottom). Flaking and 
hairline fractures on interior (right bottom). 
SG25 600°C 5 minutes. Exterior and interior surfaces before (top) and after (bottom). Delaminated layers 
flaking on interior (right bottom). 
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D. Macroscopic photographs from thermal experiment- P. maxima 
 
 PM05 Coals 5 minutes. Exterior and interior surfaces before (top) and after (bottom). 
Thermal fracture on exterior (left bottom), and discolouration on interior (right bottom). 
PM08 Coals 10 minutes. Exterior and interior surfaces before (top) and after (bottom). 
Charred organics on interior (right bottom). 
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PM04 Flames 10 minutes. Exterior and interior surfaces before (top) and after (bottom). Prismatic 
layer breaking down. Thermal fracture on exterior (left bottom), and flaking and hairline fractures 
on interior (right bottom). 
PM01 Flames 5 minutes. Exterior and interior surfaces before (top) and after (bottom). Thermal 
fracture on exterior (left bottom), and flaking and hairline fractures on interior (right bottom). 
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PM09 400°C 5 minutes. . Exterior and interior surfaces before (top) and after (bottom).  
 
PM12 400°C 10 minutes. Exterior and interior surfaces before (top) and after (bottom). Thermal 
fracture on exterior (left bottom), Charred organics on interior (right bottom). 
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 PM14 600°C 5 minutes. Exterior and interior surfaces before (top) and after (bottom). Charred 
organics in prismatic layer (left bottom), loss of lustre and thermal fractures (right bottom). 
 
PM16 600°C 10 minutes. Exterior and interior surfaces before (top) and after (bottom). 
Complete disintegration of prismatic layer (bottom). 
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E. Macroscopic photographs from thermal experiment – T. setosus 
TU05 Coals 5 minutes. Exterior and interior surfaces before (top) and after (bottom). Thermal 
fracturing of exterior prismatic layer (bottom) 
Coals 10 minutes.Exterior and interior surfaces before (top) and after (bottom). Thermal fracturing 
of exterior prismatic layer, hairline fractures into nacre (bottom) 
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TU02 Flames 5 minutes. Exterior and interior surfaces before (top) and after (bottom). Thermal 
fracturing of exterior prismatic layer, hairline fractures into nacre (bottom) 
TU04 Flames 10 minutes. Exterior and interior surfaces before (top) and after (bottom). Thermal 
fracturing of exterior prismatic layer, hairline fractures into nacre (bottom) 
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TU23 400°C 10 minutes. Exterior and interior surfaces before (top) and after (bottom). Thermal 
fracturing of exterior prismatic layer, flaking of interior (bottom) 
TU21 400°C 5 minutes. Exterior and interior surfaces before (top) and after (bottom). Thermal 
fracturing ofn exterior (left bottom), flaking on interior (right bottom) 
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TU27 600°C 10 minutes. Exterior and interior surfaces before (top) and after (bottom). Thermal 
fracturing of exterior prismatic layer (left bottom), flaking on interior nacre (right bottom) 
TU25 600°C 5 minutes. Exterior and interior surfaces before (top) and after (bottom). Thermal 
fracturing on exterior (left bottom), discolouration and flaking on interior (right bottom). 
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F. Measurements for all shell samples from thermal experiments 
 
Accession number Weight 
(g) 
Weight 
(after) 
Length 
(mm) 
Length 
(after) 
Width 
(mm) 
Width 
(after) 
Weight 
diff 
Length 
diff 
Width 
Diff 
% weight 
lost 
BE-
TG06 
C5 23 22.6 59.42 59.5 45.35 46.14 -0.4 0.08 0.79 2 
BE-
TG07 
C5 14 13.8 45.45 45.36 36.4 37.13 -0.2 -0.09 0.73 1 
BE-
TG08 
C10 14 12.5 45.45 45.36 36.4 37.13 -1.5 -0.09 0.73 11 
BE-
TG05 
C10 23 22.5 59.42 59.5 45.35 46.14 -0.5 0.08 0.79 2 
BE-
TG02 
F5 26 25.3 54.72 55.24 45.63 46.85 -0.7 0.52 1.22 3 
BE-
TG03 
F5 16 14.9 48.42 48.94 37.39 38.66 -1.1 0.52 1.27 7 
BE-
TG04 
F10 16 15.2 48.42 49.88 37.39 38.61 -0.8 1.46 1.22 5 
BE-
TG01 
F10 26 25.5 54.72 56.2 45.63 46.91 -0.5 1.48 1.28 2 
BE-
TG21 
400(5) 29.1 26.6 61.11 62.58 48.89 50.84 -2.5 1.47 1.95 9 
BE-
TG22 
400(5) 29.9 27.7 61.11 62.58 48.89 50.84 -2.2 1.47 1.95 7 
BE-
TG23 
400(10) 23.1 21.7 62.42 62.93 46.05 46.54 -1.4 0.51 0.49 6 
BE-
TG24 
400(10) 23.1 21.9 62.42 62.93 46.05 46.54 -1.2 0.51 0.49 5 
BE-
TG25 
600(5) 32.2 30.9 58.35 61.12 49.34 52.31 -1.3 2.77 2.97 4 
BE-
TG26 
600(5) 32.4 31.1 58.35 61.12 49.34 52.31 -1.3 2.77 2.97 4 
BE-
TG27 
600(10) 26.5 25.7 61.48 62.07 46.7 48.99 -0.8 0.59 2.29 3 
BE-
TG28 
600(10) 26.9 25.7 61.48 62.07 46.7 48.99 -1.2 0.59 2.29 4 
BE-
SG05 
C5 16.5 15.9 52.93 61 87.19 92 -0.6 8.07 4.81 4 
BE-
SG06 
C5 14 13.5 45.18 46.78 65.09 65.4 -0.5 1.6 0.31 4 
BE-
SG07 
C10 26.5 25.8 53.53 60 67.4 76 -0.7 6.47 8.6 3 
BE-
SG08 
C10 14 13.2 50.7 50.4 63.8 63.61 -0.8 -0.3 -0.19 6 
BE-
SG03 
F5 20 19 49.46 51 78.75 80 -1 1.54 1.25 5 
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Accession number Weight 
(g) 
Weight 
(after) 
Length 
(mm) 
Length 
(after) 
Width 
(mm) 
Width 
(after) 
Weight 
diff 
Length 
diff 
Width 
Diff 
% weight 
lost 
BE-
SG04 
F5 15.5 10.3 48.75 42.62 64.05 62.42 -5.2 -6.13 -1.63 34 
BE-
SG01 
F10 17.5 15.5 46.39 49 69.2 79 -2 2.61 9.8 11 
BE-
SG02 
F10 26 24.7 53.88 53.97 69.24 70.54 -1.3 0.09 1.3 5 
BE-
SG21 
400(5) 15.5 14.9 48.35 49 60.18 71 -0.6 0.65 10.82 4 
BE-
SG22 
400(5) 18 17.8 52.09 52.72 64.04 64.03 -0.2 0.63 -0.01 1 
BE-
SG23 
400(10) 21.5 20.6 56.87 54 73.68 72 -0.9 -2.87 -1.68 4 
BE-
SG24 
400(10) 17 16.7 49.43 49.82 67.42 68.41 -0.3 0.39 0.99 2 
BE-
SG25 
600(5) 19.5 18.5 53.63 63 67.89 82 -1 9.37 14.11 5 
BE-
SG26 
600(5) 20.5 18.4 52.17 51.58 67.58 66.1 -2.1 -0.59 -1.48 10 
BE-
SG27 
600(10) 17 16 53.32 60 66.44 75 -1 6.68 8.56 6 
BE-
SG28 
600(10) 18 16.5 53.92 53.58 65.49 65.65 -1.5 -0.34 0.16 8 
BE-
GE05 
C5 15 14.6 68.04 68.62 61.92 62.51 -0.4 0.58 0.59 3 
BE-
GE06 
C5 16 15.2 68.04 69 61.92 62.5 -0.8 0.96 0.58 5 
BE-
GE07 
C10 15 14.6 69.54 70 61.67 62 -0.4 0.46 0.33 3 
BE-
GE08 
C10 16 15.2 69.54 70.29 61.67 62.66 -0.8 0.75 0.99 5 
BE-
GE01 
F5 24 22.5 70.7 75 63.21 68 -1.5 4.3 4.79 6 
BE-
GE03 
F5 12 11.3 68.42 70 54.33 57 -0.7 1.58 2.67 6 
BE-
GE02 
F10 24 21.9 70.7 75 63.21 70 -2.1 4.3 6.79 9 
BE-
GE04 
F10 12 11.9 68.42 70 54.33 58 -0.1 1.58 3.67 1 
BE-
GE21 
400(5) 21.2 20.6 87.46 88.49 73.43 74.42 -0.6 1.03 0.99 3 
BE-
GE22 
400(5) 21.5 20.9 87.46 88.44 73.43 74.08 -0.6 0.98 0.65 3 
BE-
GE23 
400(10) 25.7 25 78.04 78.29 71.76 72.03 -0.7 0.25 0.27 3 
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Accession number Weight 
(g) 
Weight 
(after) 
Length 
(mm) 
Length 
(after) 
Width 
(mm) 
Width 
(after) 
Weight 
diff 
Length 
diff 
Width 
Diff 
% weight 
lost 
BE-
GE24 
400(10) 26.8 26.1 78.04 78.53 71.76 72.85 -0.7 0.49 1.09 3 
BE-
GE25 
600(5) 22.3 22 77.14 77.68 68.44 71 -0.3 0.54 2.56 1 
BE-
GE26 
600(5) 23.1 21 77.14 77.7 68.44 70.75 -2.1 0.56 2.31 9 
BE-
GE27 
600(10) 19.3 18.7 77.84 77.97 68.54 69.9 -0.6 0.13 1.36 3 
BE-
GE28 
600(10) 19.4 18.6 77.84 79.26 68.54 71.03 -0.8 1.42 2.49 4 
BE-
TU01 
F5 22 16.5 49.14 50 37.65 38 -1.5 0.86 0.35 25 
BE-
TU02 
F5 26 22.9 54.13 53.5 41.52 49 -1.5 -0.63 7.48 12 
BE-
TU03 
F10 22 18.1 49.23 53 36.22 38 -4.5 3.77 1.78 18 
BE-
TU04 
F10 24 14.7 51.37 52 39.7 37 -4 0.63 -2.7 39 
BE-
TU05 
C5 27 24.3 53.58 58 38.31 40 -14.5 4.42 1.69 10 
BE-
TU06 
C5 15 14.2 45.32 49 32.2 36 -10 3.68 3.8 5 
BE-
TU07 
C10 28 18.4 52.33 52 38.83 40 -32 -0.33 1.17 34 
BE-
TU08 
C10 30 27.3 54.2 53 40.05 45 -25 -1.2 4.95 9 
BE-
TU21 
400(5) 18.1 17.4 43.25 45.2 29.29 32.4 -1.5 1.95 3.11 4 
BE-
TU22 
400(5) 22.7 22.3 47.96 49.92 33.78 34.41 -1.5 1.96 0.63 2 
BE-
TU23 
400(10) 13.6 13 42.06 43.7 29.94 32.62 -4.5 1.64 2.68 4 
BE-
TU24 
400(10) 16.3 15.7 42.41 43.72 31.5 32.39 -4 1.31 0.89 4 
BE-
TU25 
600(5) 16.1 15.5 41.23 43.1 32.63 31.89 -14.5 1.87 -0.74 4 
BE-
TU26 
600(5) 17.7 16.6 42.17 43.16 31.56 31.7 -10 0.99 0.14 6 
BE-
TU27 
600(10) 17.2 16.6 44.15 45.88 33.13 35.21 -32 1.73 2.08 3 
BE-
TU28 
600(10) 17.9 17.3 42.5 43.6 32.93 33.79 -25 1.1 0.86 3 
BE-
PM01 F5 412 407 156.6 166 155.2 158.7 
-5 
9.4 3.5 
2 
  315 
Accession number Weight 
(g) 
Weight 
(after) 
Length 
(mm) 
Length 
(after) 
Width 
(mm) 
Width 
(after) 
Weight 
diff 
Length 
diff 
Width 
Diff 
% weight 
lost 
BE-
PM02 F5 216.6 199.5 139.7 134.3 151 128.4 
-17.1 
-5.4 -22.6 
11 
BE-
PM03 F10 213.8 209 170.2 148 163.5 132 
-4.8 
-22.2 -31.5 
1 
BE-
PM04 F10 223.5 199 142.8 131.4 146.4 148 
-24.5 
-11.4 1.6 
8 
BE-
PM05 
C5 191.8 185.2 140 151 132.5 140 -6.6 
11 7.5 
3 
BE-
PM06 
C5 202.6 199.2 150 149 133 135 -3.4 
-1 2 
2 
BE-
PM07 
C10 225.9 222.6 140 136 130 127 -3.3 
-4 -3 
1 
BE-
PM08 
C10 260.9 256.3 150 145 125 126 -4.6 
-5 1 
2 
BE-
PM09 
400(5) 374 372.5 161.13 156 154.85 154 -1.5 
-5.13 -0.85 
1 
BE-
PM10 
400(5) 309 307.5 149.68 149.65 153.03 152.26 -1.5 
-0.03 -0.77 
1 
BE-
PM11 
400(10) 338 333.5 149.78 149.04 144.84 152.22 -4.5 
-0.74 7.38 
1 
BE-
PM12 
400(10) 342 338 147.78 143.74 140 140.95 -4 
-4.04 0.95 
1 
BE-
PM13 
600(5) 238 223.5 148.26 142.49 137.39 136.11 -14.5 
-5.77 -1.28 
6 
BE-
PM14 
600(5) 222 212 150.21 133.49 139.81 140.13 -10 
-16.72 0.32 
5 
BE-
PM15 
600(10) 240 208 136.82 125.51 141.86 141.67 -32 
-11.31 -0.19 
13 
BE-
PM16 
600(10) 282 257 151.18 133.72 154.51 148.12 -25 
-17.46 -6.39 
9 
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G. Munsell colour after thermal experiments, interior and exterior surfaces 
ID Method Duration Interior Colour (interior) Exterior Colour (exterior) 
TG06 Coal 5 2.5Y 9/2 Very pale yellow 10YR 5/6 Yellowish brown 
TG07 Coal 5 10YR 5/4 Yellowish brown 10YR 4/4 Dark yellowish brown 
TG08 Coal 10 White N 9 White 10YR  9/2 Pale orange yellow 
TG05 Coal 10 10YR 6/4 Yellowish brown 10YR 4/4 Dark yellowish brown 
TG02 Flame 5 2.5Y 9.5/2 Very pale yellow 10YR 7/3 Very pale brown 
TG03 Flame 5 2.5Y 8.5/2 Pale yellow 10YR 7/4 Very pale brown 
TG04 Flame 10 N 8.5 White White White N 9 White 
TG01 Flame 10 2.5Y 7/1 Light grey Gley 1 8/N White 
TG21 400 5 10YR 8/4 Very pale brown 10YR 4/4 Dark yellowish brown (ridge) 
TG22 400 5 10YR 8/4 Very pale brown 10YR 8/2 Very pale brown (valley) 
TG23 400 10 2.5Y 8/1 White 2.5Y 5/3 Light olive brown (ridge) 
TG24 400 10 2.5Y 9/1 White 10YR 8/2 Very pale brown (valley) 
TG25 600 5 10YR 8/1 White 2.5Y 7/2 Light grey (ridge) 
TG26 600 5 10YR 8/1 White 10YR  9/1 White (valley) 
TG27 600 10 10YR 5/1 Grey N 8/5  White  
TG28 600 10 10YR 7/1 Light grey 2.5Y 6/1 Grey 
GE01 Flame 5 2.5Y 6/1 Grey Gley 1 3/N   Very dark grey 
GE02 Flame 10 2.5Y 7/2 Light grey 2.5Y 6/1 Grey 
GE03 Flame 5 2.5Y 8/1 White 2.5Y 5/1 Grey 
GE04 Flame 10 2.5Y 7/1 Light grey 2.5Y 2.5/1 Black 
GE05 Coal 5 10YR 8/3 Very pale brown 2.5Y 3/2 Very dark greyish brown 
GE06 Coal 5 2.5Y 8/3 Pale brown 31.5Y /3 Dark olive brown 
GE07 Coal 10 10YR 8/3 Very pale brown 10YR 3/6 Dark yellowish brown 
GE08 Coal 10 2.5Y 8.5/2 Very pale yellow 10YR 3/2 Very dark greyish brown 
GE21 400 5 10YR 4/3 Brown 2.5Y 2.5/1 Black 
GE22 400 5 10YR 5/3 Brown 10YR 2/1 Black 
GE23 400 10 10YR 7/3 Very pale brown 10YR 5/1 Brown 
GE24 400 10 10YR 6/3 Pale brown 10YR 5/3 Brown 
GE25 600 5 2.5Y 6/1 Grey Gley 1 3/N Very dark grey 
GE26 600 5 2.5Y 7/1 Light grey Gley 1 3/10Y Very dark greenish grey 
GE27 600 10 10YR 6/1 Grey 10YR 5/1 Grey 
GE28 600 10 N/9 White 10YR 5/1 Grey 
SG01 Flame 10 Gley 1 8/N White 2.5Y 7/1 Light grey 
SG02 Flame 10 10YR 5/3 Brown Gley 1 8/N White 
SG03 Flame 5 Gley 1 8/N White Gley 1 6/N Grey 
SG04 Flame 5 Gley 1 5/N Grey Gley 1 5/N Grey 
SG05 Coal 5 2.5Y 9/2 Very pale yellow 10YR 6/3 Pale brown 
SG06 Coal 5 2.5Y 9/2 Very pale yellow 2.5Y 8/1 White 
SG07 Coal 10 2.5Y 9/2 Very pale yellow 2.5Y 8/2 Pale brown 
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ID Method Duration Interior Colour (interior) Exterior Colour (exterior) 
SG08 Coal 10 White N 9 White 2.5Y 7/2 Light grey 
SG21 400 5 10YR 5/8 Yellowish brown 10YR 5/3 Brown 
SG22 400 5 10YR 6/4 Light yellowish brown 10YR 6/3 Pale brown 
SG23 400 10 10YR 5/3 Brown 19YR 6/2 Light brownish grey 
SG24 400 10 10YR 7/3 Very pale brown 10YR 7/2 Light grey   
SG25 600 5 2.5Y 7/1 Light grey 2.5Y 8/1 White 
SG26 600 5 2.5Y 7/1 Light grey 2.5Y 8/1 White 
SG27 600 10 2.5Y 6/1 Grey 2.5Y 7/1 Light grey 
SG28 600 10 2.5Y 6/1 Grey 2.5Y 8/1 White 
PM01 Flames 10 710YR /1 Light grey 10YR 4/3 Brown 
PM02 Flames 10 10YR 7/1 Light grey 10YR 4/2 Dark greyish brown 
PM03 Flames 5 Gley 1 2.5/N Black 10YR 6/6 Brownish yellow 
PM04 Flames 5 Gley 1 2.5/N Black 10YR 4/4 Dark yellowish brown 
PM05 Coals 5 2.5Y 9.5/1 White 10YR 5/4 Yellowish brown 
PM06 Coals 5 10YR 6/3 Pale brown 10YR 5/4 Yellowish brown 
PM07 Coals 10 2.5Y 9/2 Very pale yellow 10YR 2/2-10YR 6/4 Very dark brown - Light yellow brownish 
PM08 Coals 10 10YR 8/3 Very pale brown 10YR 6/4 Light yellowish brown 
PM09 400 5 2.5Y 8.5/2 Pale yellow 2.5Y 7/2 Light grey 
PM10 400 5 10YR 8/2 Very pale brown 2.5Y 6/2 Light brownish grey 
PM11 400 10 10YR 7/4 Very pale brown 10YR 4/4 Dark yellowish brown 
PM12 400 10 10YR 8/3 Very pale brown 10YR 3/2 Black to Very dark greyish brown 
PM13 600 5 10YR 3/1 Very dark grey 10YR 2/1 Black 
PM14 600 5 10YR 2/1 Black 10YR 3/2 Very dark greyish brown 
PM15 600 10 10YR 6/1 Grey 2.5Y 2.5/1 Black 
PM16 600 10 10YR 6/1 Grey 2.5Y 2.5/1 Black 
TU01 Flame 5  White N 8 White Gley 1 3/N   Very dark grey 
TU02 Flame 5 6/N Gley 1 Grey Gley 1 3/N   Very dark grey 
TU03 Flame 10 2.5Y 7/1 Light grey Gley 1 4/N Dark grey 
TU04 Flame 10 White N 9.5 White Gley 1 6/N Grey 
TU05 Coal 5 10YR 6/1 Grey 10 YR 5/4 Yellowish brown 
TU06 Coal 5 10YR 5/4 Yellowish brown 10 YR 4/4 Dark yellowish brown 
TU07 Coal 10 Gley 1 5/N Grey Gley 1 7/N Light grey 
TU08 Coal 10 2.5Y 5/4 Light olive brown Gley 1 4/N Dark grey 
TU21 400 5 10YR 7/3 Very pale brown 10YR 5/3 Brown 
TU22 400 5 10YR  8/2 Very pale brown 10YR 5/2 Greyish brown 
TU23 400 10 2.5Y 8/1 White Gley 1 6/N Grey  
TU24 400 10 10YR 5/3 Brown 2.5Y 6/2 Light brownish grey 
TU25 600 5 N 9  White 2.5Y 6/1 Grey 
TU26 600 5 N 9  White Gley 1 6/N Grey 
TU27 600 10 N 9  White Y 5/10 Green greyish 
TU28 600 10 N 9  White Y 5/10 Green greyish 
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ID Method Duration Interior Colour (interior) Exterior Colour (exterior) 
TG Modern - - N 9 White 2.5Y 5/4 Light olive brown 
GE Modern - - N 9 White 5Y 6/4 Pale olive 
SG Modern - - 2.5Y 9/2 Pale yellow 5Y 5/2 Olive grey 
PM Modern - - N 8 White 10YR 6/4 Light yellowish brown 
TU Modern - - 2.5Y 9/2 Very pale yellow 2.5Y 7/4 Pale brown 
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H. Visual results for chemical experiment - Saccostrea glomerata 
 
 
 
 Unaltered Control S. glomerata samples – 0 weeks 
 Control S. glomerata samples after 15 weeks in solution 
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S. glomerata samples in pumice after 15 weeks 
S. glomerata samples in sand after 15 weeks 
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S. glomerata samples in compost after 15 weeks 
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I. Visual results for chemical experiment - Turbo setosus 
 
 
 
Unaltered T. setosus control samples – 0 weeks 
Control T. setosus samples after 15 weeks in solution 
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T. setosus samples in sand after 15 weeks 
T. setosus samples in pumice after 15 weeks 
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T. setosus samples in compost after 15 weeks 
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J. Quantification data from M4 shell sample, Golo Cave, Gebe Island 
XU Species Total (MNI) NISP XU Species Total (MNI) NISP XU Species Total (MNI) NISP XU Species Total (MNI) NISP XU Species Total (MNI) NISP
140 Cellana radiata 11 11 190 Nertia polita 1 1 200 Thais kieneri 1 1 210 Scutellastra flexuosa 9 9 225 Haliotis varia 1 1
140 Turbo setosus (hc) 4 4 190 Nerita undata 1 1 200 Thais bitubercularius 1 1 210 Cellana radiata 27 43 225 Nerita textilis 1 1
140 Turbo operculum 2 2 190 Littorina undata 1 1 200 Thais armigera 1 1 210 Patelloida striata 7 7 225 Nerita plicata 16 20
140 Nertia costata 1 1 190 Lambis truncata 1 1 200 Drupa clathra 1 1 210 Haliotis varia 1 1 225 Thais aculeata 1 2
140 Nertia polita 1 1 190 Fusinus  sp. 1 1 200 Purpura panama 7 10 210 Turbo setosus 1 1 225 Thais mancinella 1 1
140 Nerita undata 1 1 190 Pythia scarabaeus 1 5 200 TerebraI 2 3 210 Turbo chrysostomus 1 1 225 Saccostrea spp. 1 1
140 Nerita plicata 39 39 190 B. amygdalumtostum 1 1 200 Arca navicularis 1 1 210 Nerita polita 1 1 225 Asaphis violascens 1 1
140 Nerita insculpta 4 4 190 Asaphis violascens 1 2 200 Saccostrea spp. 1 2 210 Nerita plicata 6 11 225 Pitar  sp. 1 1
140 Littorina undata 4 4 190 Periglypta reticulata 1 1 200 PitarI 1 1 210 Cypraea arabica 1 1 225 Videna/Trochomorpha 2 13
140 Terebralia plaustris 1 2 190 Naninia sp. 3 3 200 Periglypta puerpera 1 2 210 Cypraea  spp. 1 1 225 Naninia sp. 1 4
140 Modulus candidus 1 1 190 Barnacle 1 5 200 Videna/Trochomorpha 3 13 210 Thais aculeata 2 2 225 Planispira kurri 3 14
140 Nassa  sp. 1 2 Total 38 54 200 Naninia sp. 3 3 210 Thais bitubercularius 2 2 225 Unidentified landsnail 1 16
140 Planispira kurri 1 1 195 Scutellastra flexuosa 18 38 200 Planispira kurri 6 8 210 Drupa clathra 1 1 225 Barnacle 1 11
Total 71 73 195 Cellana radiata 82 245 200 Unidentified landsnail 1 27 210 Purpura panama 2 2 225 Coral 1 1
150 Turbo setosus (hc) 2 2 195 Patelloida striata 63 64 200 Barnacle 1 15 210 Videna/Trochomorpha 3 4 225 Starfish 1 1
150 Turbo argyrostomus 1 1 195 Haliotis varia 1 4 200 Urchin spine 1 1 210 Naninia sp. 2 6 225 Worm shell 1 1
Total 3 3 195 Turbo operculum 2 2 200 Unidentified 1 72 210 Planispira kurri 9 22 Total 91 170
160 Cellana radiata 1 12 195 Nertia costata 1 1 200 Unidentified nacreous 1 9 210 Unidentified landsnail 1 10 230 Cellana radiata 6 11
160 Haliotis varia 1 2 195 Nertia polita 7 11 200 Worm shell 1 3 210 Barnacle 1 14 230 Patelloida striata 2 3
160 Nertia polita 1 2 195 Nerita plicata 16 26 Total 275 604 210 Unidentified 1 14 230 Turbo operculum 2 2
160 Nerita undata 1 1 195 Nerita sp. 1 8 205 Chiton 1 2 210 Worm shell 1 1 230 Nerita polita 1 2
160 Nerita plicata 4 4 195 Tectarius pagodus (hc) 1 1 205 Scutellastra flexuosa 13 16 Total 80 154 230 Nerita textilis 1 1
160 Nerita textilis 1 1 195 Tectarius coronatus 1 1 205 Cellana radiata 63 96 215 Scutellastra flexuosa 1 1 230 Nerita plicata 3 3
160 Thais tuberosa 1 1 195 Lambis Iambis 1 6 205 Patelloida striata 24 24 215 Cellana radiata 9 10 230 Nerita sp. 1 1
160 Nassa  sp. 1 2 195 Cypraea mauritania 1 1 205 Unidentified limpets 1 7 215 Patelloida striata 5 5 230 Purpura panama 1 1
160 Drupa morum 1 1 195 Cypraea  spp. 1 2 205 Haliotis varia 1 6 215 Unidentified limpets 1 3 230 Barbatia amygdalumtosum 1 1
160 Planispira kurri 6 22 195 Thais aculeata 6 8 205 Turbo argyrostomus 1 1 215 Haliotis varia 1 1 230 Naninia sp. 1 1
160 Barnacle 1 5 195 Drupa ricinis 1 1 205 Turbo operculum 1 1 215 Nerita plicata 3 3 230 Unidentified 1 13
160 Unidentified 1 2 195 Purpura persica 1 23 205 Nerita undata 1 1 215 Cypraea spp. 1 1 Total 20 39
Total 20 55 195 Pythia scarabaeus 1 1 205 Nerita plicata 20 22 215 Thais aculeata 1 1 235 Cellana radiata 10 11
175 Scutellastra flexuosa 2 2 195 Saccostrea spp. 1 3 205 Nerita sp. 1 2 215 Drupa clathra 1 1 235 Patelloida striata 4 5
175 Cellana radiata 7 9 195 Asaphis violascens 1 4 205 Littorina undata 1 1 215 Videna/Trochomorpha 1 2 235 Unidentified limpets 0 6
175 Patelloida striata 8 8 195 Periglypta reticulata 1 1 205 Tectarius pagodus 1 1 215 Leptopoma 1 1 235 Nerita textilis 1 2
175 Turbo setosus (hc) 3 3 195 Planispira kurri 5 6 205 Thais aculeata 2 2 215 Naninia sp. 1 1 235 Nerita plicata 4 5
175 Planispira kurri 12 17 195 Chama 1 1 205 Thais kieneri 3 3 215 Planispira kurri 3 4 235 Nerita  sp. 1 1
Total 32 39 195 Barnacle 1 22 205 Thais bitubercularius 3 3 215 Unidentified landsnail 1 1 235 Thais bitubercularius 2 2
185 Scutellastra flexuosa 2 2 195 Unidentified 0 2 205 Thais sp. 1 1 215 Barnacle 1 1 235 Pythia scarabaeus 1 1
185 Cellana radiata 9 14 195 Unidentified gastropod 0 48 205 Drupa clathra 2 2 215 Crab 1 1 235 Naninia sp. 1 1
185 Patelloida striata 4 4 195 Worm shell 2 2 205 Drupa ricinis 1 1 215 Unidentified 1 2 235 Planispira kurri 2 3
185 Turbo crassus 1 1 Total 217 532 205 Drupa ribiscidaeus 1 1 Total 33 39 235 Barnacle 1 2
185 Turbo setosus (hc) 2 2 200 Chiton 1 7 205 Purpura panama 3 4 220 Scutellastra flexuosa 2 2 235 Unidentified landsnail 1 6
185 Nertia polita 1 1 200 Scutellastra flexuosa 35 38 205 Tonna pedrix 1 4 220 Cellana radiata 14 15 235 Unidentified 1 8
185 Nerita undata 1 1 200 Cellana radiata 100 193 205 Melo  sp. 1 1 220 Patelloida striata 2 2 Total 29 53
185 Nerita textilis 1 1 200 Patelloida striata 58 98 205 Saccostrea spp. 2 3 220 Nerita plicata 2 2 240 Cellana radiata 8 10
185 Drupa ricinis 1 1 200 Haliotis varia 1 2 205 Asaphis violascens 1 2 220 Videna/Trochomorpha 2 5 240 Patelloida striata 3 4
185 Purpura persica 1 1 200 Turbo chrysostomus (hc) 1 1 205 Periglypta sp. 1 1 220 Leptopoma 1 1 240 Nerita plicata 2 2
185 Asaphis violascens 1 1 200 Turbo operculum 2 2 205 Videna/Trochomorpha 4 5 220 Naninia sp. 1 4 240 Saccostrea spp. 1 1
185 Planispira kurri 3 3 200 Nertia polita polita 1 7 205 Naninia sp. 1 2 220 Planispira kurri 5 7 240 Videna/Trochomorpha 2 2
185 Unidentified 0 3 200 Nerita undata 1 3 205 Planispira kurri 7 18 220 Unidentified landsnail 1 18 240 Naninia sp. 1 2
185 Barnacle 1 4 200 Nerita textilis 1 1 205 Unidentified landsnail 1 4 220 Barnacle 1 4 240 Planispira kurri 1 1
Total 28 39 200 Nerita plicata 33 66 205 Barnacle 1 16 Total 31 60 240 Unidentified 1 1
190 Chiton 1 1 200 Nerita sp. 1 5 205 Crab 1 1 225 Scutellastra flexuosa 7 7 Total 19 23
190 Scutellastra flexuosa 4 4 200 Littorina undata (hc) 1 1 205 Unidentified 1 3 225 Cellana radiata 39 53 245 Cellana radiata 4 6
190 Cellana radiata 19 26 200 Mauritia scurra 1 1 205 Worm shell 1 1 225 Patelloida striata 10 12 245 Purpura panama 1 1
190 Patelloida striata 1 1 200 Thais aculeata 3 5 Total 168 258 225 Unidentified limpets 1 9 Total 5 7
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K. Raw MNI data for M4, Golo Cave 
Values separated into categories: Total, Shell (subsistence), Landsnail, Hermitted shell, and Other (shellfish). MNI values include values of 1 for taxa present but 
with no NRE. 
 
 
  
MNI NISP Burnt (NISP) MNI NISP Burnt (NISP) MNI NISP Burnt (NISP) MNI NISP Burnt (NISP) MNI NISP Burnt (NISP)
140 71 84 35 52 54 22 1 12 8 18 18 5 0 0 0
150 3 3 0 0 0 0 0 0 0 3 3 0 0 0 0
160 20 55 3 12 26 0 6 22 0 0 0 0 2 7 3
175 32 39 0 17 19 0 12 17 0 3 3 0 0 0 0
185 28 39 6 22 27 6 3 6 0 2 2 0 1 4 0
190 38 54 7 34 46 7 3 3 0 0 0 0 1 5 0
195 217 532 192 206 451 156 5 6 0 1 1 1 3 74 35
200 275 604 184 255 451 175 13 51 0 2 2 0 5 100 9
205 168 258 82 150 208 73 13 29 0 0 0 0 3 21 9
210 80 154 45 62 83 33 15 42 0 0 0 0 2 29 12
215 33 39 10 23 26 8 7 9 0 0 0 0 3 4 2
220 31 60 4 20 21 2 10 35 0 0 0 0 1 4 2
225 91 170 31 79 108 28 7 47 0 1 1 0 4 14 3
230 20 39 12 18 25 5 1 1 0 0 0 0 1 13 7
235 29 53 16 24 33 10 3 10 2 0 0 0 2 10 4
240 19 23 4 14 17 4 4 5 0 0 0 0 1 1 0
245 5 7 1 5 7 1 0 0 0 0 0 0 0 0 0
OtherSPIT Total Shell Landsnail Hermitted
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L. Quantification for each taphonomic group 
 
 
Spit Total MNI Total NISP
Fragment 
MNI
Fragment 
NISP Burnt MNI Burnt NISP
Abrasion 
MNI
Abrasion 
NISP
Chemical 
MNI
Chemical 
NISP
Bioerosion 
MNI
Bioerosion 
NISP
140-145 71 84 40 42 27 35 69 69 61 63 34 35
150-155 3 3 3 3 0 0 2 2 3 3 3 3
160-175 20 55 14 54 0 10 9 33 15 52 10 36
175-180 32 39 24 31 0 0 32 37 32 38 32 38
185-190 28 39 25 31 6 6 27 38 27 37 26 33
190-195 38 54 22 35 4 7 32 52 31 52 30 42
195-200 217 532 174 431 50 222 206 523 296 522 176 231
200-205 275 604 134 475 69 184 237 541 260 602 231 388
205-210 168 258 89 178 49 86 153 252 153 243 141 211
210-215 80 154 43 115 21 45 74 154 74 154 71 119
215-220 33 39 12 23 5 10 26 38 26 39 26 32
220-225 31 60 15 42 2 4 28 58 28 58 28 59
225-230 91 170 34 118 15 31 82 170 82 168 65 118
230-235 20 39 9 31 3 12 17 39 17 21 7 14
235-240 29 53 14 36 6 14 25 53 24 49 10 24
240-245 19 23 7 14 3 4 16 23 16 23 11 16
245-250 5 7 2 5 1 1 4 7 4 7 3 3
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M. Location and edge results 
 
Most common location and edge results for each spit, separated into the five dominant 
species, based on MNI specimens 
 
Spit Location Edge Spit Location Edge Spit Location Edge Spit Location Edge Spit Location Edge
140 Margin missing
Rounded 
irregular 175 Margin
Rounded 
regular 140
Aperture/m
argin
Sharp 
irregular 140
Margin/ape
rture, Body
Sharp 
irregular 140
150 150 160 Aperture Sharp/irregular 150 150
160 160 160 160 Aperture Sharp irregular 160
175 Margin missing
Rounded 
irregular 175 175 175 Aperture
Sharp 
irregular 175
Margin/bod
y
Rounded 
irregular
185 Margin missing
Rounded, 
regular 185 Margin
Rounded, 
regular 185 185 Aperture
Sharp 
regular 185
190 Margin missing
Rounded 
regular 190 190 190 190
Mixture of 
margins
Sharp, 
regular
195 Margin missing
Rounded, 
regular 195 Margins
Rounded, 
regular 195 Aperture
Rounded, 
regular 195 Apex/body
Sharp, 
irregular 195
Anterior 
margin 
(missing)
Sharp, 
regular
200 Margin missing
Sharp, 
regular 200 Margins
Rounded, 
regular 200
Body/apert
ure (apex 
missing)
Sharp, 
irregular 200
Aperture 
margin
Sharp, 
regular 200
Anterior 
margin 
(missing)
Sharp, 
regular
205
Margin 
anterior 
missing
Rounded, 
regular 205
Margins 
(anterior)
Rounded, 
regular 205
Body 
(aperture)
Sharp, 
irregular 205
Aperture 
(missing)
Sharp, 
regular 205
Anterior 
margin 
(missing)
Sharp, 
regular
210
Margin 
anterior 
missing
Rounded, 
regular 210
Margin 
(missing)
Rounded, 
regular 210
Body/apert
ure 
transverse
Rounded, 
irregular 210
Aperture, 
body
Sharp, 
regular 210
Anterior 
margin 
(missing)
Sharp, 
regular
215 Margin missing
Rounded, 
regular 215
Margin 
posterior
Sharp, 
irregular 215
Body/apert
ure left
Rounded, 
irregular 215
Apex/body 
(missing)
Sharp, 
regular 215
Posterior 
margin 
(missing)
Sharp, 
regular
220
Margin 
posterior 
missing
Rounded, 
regular 220
Margin 
anterior
Rounded, 
regular 220
Aperture 
(body/apex 
left)
Rounded, 
irregular 220
Body 
(missing)
Sharp, 
regular 220
Anterior 
margin 
(missing)
Sharp, 
regular
225 Margin missing
Rounded, 
regular 225
Margin 
right
Rounded, 
regular 225
Aperture/bo
dy 
transverse
Sharp, 
regular 225
Body 
(missing)
Sharp, 
regular 225
Anterior 
margin 
(missing)
Sharp, 
regular
230 Margin missing
Rounded, 
regular 230 230
Body/apert
ure left
Sharp, 
irregular 230 230
235 Margin missing
Rounded, 
regular 235
Margin 
anterior 
right
Sharp, 
regular 235
Aperture/bo
dy (aperture 
left)
Rounded, 
irregular 235 235
240
Margin 
anterior 
missing
Rounded, 
regular 240 240
Aperture/bo
dy (aperture 
left)
Sharp, 
irregular 240 240
245 Margin missing
Rounded, 
regular 245 245 245 245
C. radiata P. striata N. plicata P. kurri S. flexuosa
